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ABSTRACT 

This document contains the results of conceptual engineering 

design studies of a STOL tilt rotor commercial aircraft for 

the 1985 time frame. The aircraft is sized to carry 100 

passengers over a 200 nautical mile range. The field length 

was limited to 2,000 feet. The details of aircraft size, 

performance, flying qualities, noise and cost are included 

in this report. 

The primary objective of the study was to determine the 

savings in terms of fuel economy resulting from STOL operation 

compared with VTOL vehicles. 



FOREWORD 

This report was prepared by the Boeing Vertol Company for 

The National Aeronautics and Space Administration - Ames 
Research Center under NASA Contract NAS2-8048. Mr. D. 

Giulianetti and Mr. K. Edenborough were technical monitors 

for this work. 

The Boeing project manager was J. P. Magee and project engineer 

was C. Widdison. 



The s tudy r e p o r t e d  i n  t h i s  document provides  p re l iminary  

des ign  d a t a  for a STOL tilt rotor a i r c r a f t  in tended  f o r  use  

i n  t h e  s h o r t  h a u l  market i n  t'le mid 1980's. 

It has been d m o n s t r a t e d  i n  Reference 1 t h a t ,  f o r  t h e  s h o r t  

haul  mission,  a  VTOL tilt r o t o r  a d c r a f t  is a good p o t e n t i a l  

s o l u t i o n  t o  t h e  problems of  r i s i n g  f u e l  c o s t s  and i n c r e a s i n g  

conges t ion  a t  major a i r p o r t s .  The a b i l i t y  of the VTOL tilt 

r o t o r  t o  o p e r a t e  o u t  of smal l  a i r f i e l d s  and i t s  h igh  c r u i s e  

e f f i c i e n c y  are p r o p e r t i e s  sha red  by t h e  STOL tilt rotor. 

This  s tudy  was i n i t i a t e d  to  i n v e s t i g a t e  t h e  f u e l  sav ings  and 

o t h e r  b e n e f i t s  and p e n a l t i e s  of des ign ing  f o r  STOL o p e r a t i o n  

r a t h e r  than  :or VTOL. 

The STOL tilt r o t o r  desc r ibed  i n  t h i s  document h a s  been designed 

t o  perform the same mission 3s t h e  VTOL ' I t  r o t o r  aircraft o f  

Reference 1. The same ground r u l e s  were used i n  the STOL 

des ign  as were used f o r  t h e  V'rOL wi th  t h e  excep t ion  t h a t  the 

v e r t i c a l  t akeof f  and landing , capab i l i ty  was rep laced  by t h e  

requirement  t o  o p e r a t e  from f i e l d s  of  2,000 f e e t  l e n g t h  or 

less. Thus, a  meaningful conyarison between VTOL and STOL 

des igns  is p o s s i b l e  and t h e  r z l a t i v e  merits of  each can be 

assessed  on a c o n s i s t e n t  b a s i s .  

The STOL tilt rotor desc r ibed  i n  t h e  r e p o r t  was des igned t o  

c a r r y  a payload of 100 passenyers  wi th  baggage, o v e r  a  block 

d i s t a n c e  o f  200 n a u t i c a l  miles. The des ign  was evolved from 

t h e  VTOL tilt r o t o r  of Reference 1 by means of varying t h e  

x x i i  



D210-10873-1 
airframe and propulsion parameters i n  such a way t h a t  d i r e c t  

operat ing c o s t  was ~ i n i m i z e d  ( sub jec t  t o  t he  c o n s t r a i n t s  of 

f i e l d  length and p r a c t i c a l  design cons idera t ions) .  

The f u e l  consumptfon of t he  STOL tilt r o t o r  is 62.5 passengdr 

miles per  ga l lon  compared with a value of 47.3 f o r  t he  V1VL 

a i r c r a f t .  The g r e a t e r  f u e l  economy of t h e  STOL tilt rotor is 

r e f l e c t e d  i n  t he  f a c t  t h a t  f o r  t h e  deaign mission it consumes 

25% less f u e l  than the  VTOL. I 

The STOL tilt r o t o r  has a design gross  weight of 68,493 pounds 

',and a maximum c r u i s e  speed of 311 knots a t  14,000 f e e t  a l t i t u d e .  

The VTOL a i r c r a f t ,  designed f o r  the  same mission is heavier  

a t  74,749 pounds, bu t  has a higher c ru iue  speed, 349 

knots. 

Because of i t s  lower gross weight t h e  STOL tilt rotor has a 

lower i n i t i a l  cort than the  VTOL, bu t  because of its lower 

speed t he  d i r e c t  operat ing c o s t  is  only s l i g h t l y  lower. Based 

on an airframe c o s t  of $90.00 per  pound the  STOL a i r c r a f t  has 

an i n i t i a l  cos t  of $4.62# and a d i r e c t  operat ing c o s t  of 2.09 

cen t s  per seat m i l e  a t  the  design range. The corresponding 

c o s t s  of t he  VTOL tilt rotor are $5,15M and 2.19 cen t s  per 

s e a t  m i l e .  

The STdL tilt r o t o r  a i r c r a f t  has a 500 foo t  s i d e l i n e  perceived 

noise  l e v e l  of 101.3 PNdB whereas t h a t  of t h e  VTOL a i r c r a f t  

is  98.2 PNdB. The a rea  subjected t o  noise l e v e l s  g r e a t e r  

than 95 PNdB a t  takeoff is s l i g h t l y  higher than t h a t  due t o  

the  VTOL a i r c r a f t ,  Sut  on landing the  STOL a i r c r a f t  a f f e c t s  

a smaller a r ea  a t  t h a t  sound l e v e l  than does the VTOL. 
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The r epo r t  contain8 a descr ip t ion  of t h e  a i r c r a f t  design 

and a d e t a i l e d  descr ip t ion  of i t s  performance, f l y i n g  q u a l i t i e s ,  

weights and cart. 

A d e t a i l e d  comparison is made with t h e  VTOL tilt r o t o r  a i r c r a f t  

def ined i n  Reference 1. The t a b l e  i n  t h i s  s ec t ion  sunmrarizes 

t h e  inpor tan t  design parameters of t h e  STOL and VTOL tilt r o t o r  

a i r c r t f t  discussed above. 

An examination of the technica l  r i s k s  involved i n  t h e  develop- 

ment'of o 100 passenger STOL tilt r o t o r  was c a r r i e d  o u t  w i t h  

respec t  to s i z e ,  dynamic systems, a e r a l a a t i c  phenomena and 

economics. 

No insurmountable problems are envisioned t h a t  w i l l  make f o r  a 

p roh ib i t i ve  technica l  r i s k  i n  cons t ruc t ing  such an a i r c r a f t  

f o r  t he  mid 1980's provided a comprehensive coarponent 

development program of f l i g h t  hardware can be i n i t j a t e d  by 

1979. 
The conclusions t o  be drawn from the  s tudy a r e  t h a t  t h e  

bene f i t s  t o  be expected from designing f o r  STOL include g r e a t l y  

improved f u e l  economy and i n i t i a l  c o s t s ,  and a a l i g h t  improve- 

ment i n  operat ing costseud produc t iv i ty .  The p r i c e  of these  

b e n e f i t s  is  t h e  l o s s  of v e r t i c a l  takeoff  and landing c a p a b i l i t y ,  

s l i g h t l y  more noise  and longer block times. 

xxiv 
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The tilt r o t o r  a i r c r a f t  i s  u s u a l l y  conceived a s  a  v e r t i c a l  

t akeof f  and landing a i r c r a f t  wi th  t h e  a b i l i t y  t o  tilt t h e  

r o t o r  from t h e  hover o r  h e l i c o p t e r  m ~ d e  t o  t h e  c r u i s e  o r  

p r o p e l l e r  f l i g h t  conf igura t ion .  This  concept  combines t h e  

low speed f i i g h t  q u a l i t i e s  of t h e  h e l i c o ~ t e r  with t h e  c r u l s e  

performance of a  turboprop a i r c r a f t .  The des ign  s t u d i e s  

repor ted  i n  t h i s  document d e s c r i b e  a  STOL tilt r o t o r  des ign  

and examine t h e  e f f e c t s  of r e l a x i n g  t h e  VTOL c o n s t r a i n t s  on 

t h e  a i r c r a f t  des ign ,  f u e l  economy, d i r e c t  o p e r a t i n g  c o s t  and 

venicls! performance. The a i r c r a f t  i s  s i m i l a r  t o  a  v e r t i c a l  

takeoff  tilt r o t o r  v e h i c l e  excep t  t h a t  it has  a  s m a l l e r  r o t o r  

system and less i n s t a l l e d  power. 

The o l j e c t i v e  i n  performing t h e  des ign  s t u d i e s  was t o  provide  

engineer ing ,  f u e l  consumption and c o s t  d a t a  on an optimized 

veh ic le  of t h i s  type  t o  complement t h e  v e r t i c a l  t akeof f  des igns  

performzd under t h e  same c o n t r a c t  and repor ted  i n  Reference 1. 

These des ign  d a t a  a r e  in tended t o  be cse2 as i n p u t  d a t a  on a 

l a r g e r  s h o r t  h a u l  a i r  systems e v a l u a t i o n  s tudy t o  be done by 

NASA. 

The s t u d i e s  provicie d e f i n i t i o n  of  a  v e h i c l e  wi th  low f u e l  

consumption (62.5 passenger m:~ les /ga l lon)  f o r  i t s  des ign  

range,  s h o r t  t akeof f  and landxng and a r e l a t i v e l y  smal l  a r e a  

w i t h i r ,  which n o i s e  l e v e l s  exceed 95 PNdB. 
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The improvement i n  f u e l  economy is l a r g e l y  due t o  t h e  

reduct ion  i n  i n s t a l l e d  power. The d iminishing a v a i l a b i l i t y  

and r i s i n g  c o s t  of f d s s i l  f u e l s  make low f u e l  consumption an  

a t t r a c t i v e  a s s e t  of t h i s  concept .  

The a b i l i t y  t o  o p e r a t e  on less than  2,000 f e e t  f i e l d  l e n g t h  

opens up t h e  p o s s i b i l i t y  of scheduled t r a n s p o r t a t i o n  from many 

more smal l  a i r f i e l d s  and would assist i n  reducing t h e  c u r r e n t  

conges t ion  a t  l a r g e  a i r p o r t s .  

The reduc t ion  i n  i n s t a l l e d  power and t h r u s t  r e q u i r e d  f o r  take .  

o f f  f o r  t h i s  v e h i c l e  tend t o  reduce tale perce ived n o i s e  l e v e l .  

However, t h e  h igher  b lade  loading t h a t  r e s u l t s  from t h e  

inc reased  t i p  speed and reduced r o t o r  s o l i d i t y  c o u n t e r a c t  

t h i s  tendency and a h igher  perrk ived n o i s e  l e v e l  r e s u l t s  a t  

t h e  s ta t ic  t h r u s t  cond i t ion  than  was t h e  c a s e  f o r  t h e  VTOL 

tilt r o t o r .  

The no i se  l e v e l  a t  s t a t i c  t h r u s t  is  n o t  t h e  obvious parameter  

upon which t o  judge community acceptance. The STOL v e h i c l e  

no i se ,  f o r  example, a f f e c t s  a s m a l l e r  a r e a  wi th  h igh  n o i s e  

than t h e  VTOL tilt r o t o r  or h e l i c o p t e r  des igns  r e p o r t e d  i n  

Reference 1. 

The d e t a i l s  of t h e  v e h i c l e  des ign ,  mission performance, n o i s e  

l e v e l s  and c o s t  d a t a  a r e  g iven i n  Sec t ion  2 o f  t h i s  r e p o r t .  

Sec t ion  3 provides  v e h i c l e  performance, weights  and f l y i n g  

q u a l i t i e s  information.  The des ign  d a t a  and performance a r e  

compared wi th  a v e r t i c a l  t a k e o t i  tilt r o t o r  and a tandem 

r o t o r  h e l i c o p t e r  from Reference 1 ( a s  w e l l  a s  more convent ional  



transports) in Section 4. 
t \ - - h  .4 

The development of a large aircraft of a new concept requires 

careful consideration of the technical risks involved and 

this subject is addressed in Section 5. 

Appendix A summarizes the process by which the design point 

STOL tilt rotor aircraft was selected. The cost methodology 

has been detailed in Appendix B and the weight predictions are 

substantiated in Appendix C. 



2.0 DESIGN POINT STOL TILT ROTOR AIRCRAFT 

Thc tilt rotor concept is unique in that it comines the 

hover efficiency, low speed agility and low installed hover 

power of the helicopter with the cruise advantages of a 

conventional turboprop transport. 

The prop rotors are mounted on the wing tip and tilt from the 

vertical in hover down to a conventional propeller configuration 

in cruise. In cruise the prop/rotor propulsive efficiency 

remains high which coupled with a high lift/drag ratio provides 

an efficient cruising aircraft. 

Although the tilt rotor aircraft concept is a VTOL vehicle, 

the lifting capabilicy of the low disc loading rotors provide 

attractive STOL performance. Removing the design constraints 

of vertical flight operation allow the installed horsepower 

to be further reduced. The vehicle described in this section 

is designed specifically for STOL operation. 

2.1 AIRCRAFT CHARACTERISTICS 

A general view of the design point STOL tilt rotor aircraft is 

shown in Figure 2.1 and a general arrangement (three view) 

drawing is given in Figures 2.2 and 2.3. Table 2.1 provides 

a list of the major aircraft dimensions and characteristics. 

The aircraft has a takeoff gross weight of 68,493 pounds 

(31,068 kilograms) and an empty weight of 45,023 pounds 

(20,422 kilograms). The two rotors have three blades each 

of hingeless fiberglass composite construction. The rotor 
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1985 100  PASSENGER STOL TILT ROTOR AIRCRAFT 

S.1. UNITS U.S. UNITS 

WEIGHTS 
DESIGN GROSS WEIGHT 31,068 Kg 68 ,493  Lbs 
WEIGHT EMPTY 20,422 Kg 45 ,023  L ~ s  
FUEL WEIGHT 1 , 5 5 4  3 ,425  Lbs  

I NUMBER OF PASSENGERS 100  1 0 0  

ROTORS 
DISC LOADING 108.0 ~ g / m ~  22.12 PSI? 
DIAMETER 13.53 m 44 .4 F e e t  
SOLIDITY 0.082 0.082 
BLADE NUMBER 3 3 
TWIST 36 Degs 36 Degs 
TIPSPEED TAKEOFF/CRUISE 244/171 m/s  800/560 F t / S e c  

POWER 
NUMBER OF ENGINES 4 4 
RATED POWER/ENGINT 2.0775 X 1 0 6 w a t t s  2,786 HP 

FUSELAGE 
LENGTH 
WIDTH (MAX) 
CABIN LENGTH 

23.19 m 92.5 F e e t  
4.50 rn 14.75 F e e t  

17.60 m 15.75 F e e t  

WING 
ARE 9 
SPAN 
TAPER RATIO 
CHORD 
ASPECT RATIO 
AIRFOIL t /c  

63.63 m2 684.93 ~ e e t ~  
23.93 m 78.5 F e e t  

1 . 0  1.0 

I 
2.65 m 8.7 F e e t  

9.0 9.0 
0 .21  0.21 

HORIZONTAL TAIL 
AREA 
SPAN 
TAIL VOLUME RATIO 
ASPECT RATIO 

15.89 m 2 1 7 1  F'eet2 
9.05 m 29.7 F e e t  
1.46 1.46 
5.16 5.16 

VERTICAL TAIL 
AREA 
SPAN 
TAIL VOLUME RATIO 
ASPECT RATIO 

~ e e t ~  
F e e t  

PERE'ORMANCE 
NRP CRUISE SPEED 
CRUISE ALTITUDE 
BLOCK TIME 

159.5  m/s 310 
4,267 m 141000 

0.82 Hours 0.82 

RTAS 
F e e t  
Hours 

NOISE 
SIDELINE NOISE - 500 FEET/ 101.3  PNdB 101.3  

TAKEOFF 
PNdB i i 

TABLE 2.1. STOL TILT ROTOR TABLE OF CHARACTERISTICS. 
8 
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d iameter  is 44 .4  f e e t  (13.53 meters) and t h e  s o l i d i t y  r a t i o  

is  0.082. I n  low speed f l i g h t ,  c y c l i c  p i t c h  c o n t r o l  i s  

app l i ed  t o  t h e  r o t o r  t o  provide  c o n t r o l  power and t r i m .  The 

r o t o r  b lades  a r e  h igh ly  t w i s t e d  (34 degrees )  compared w i t h  

those  of a h e l i c o p t e r  t o  provide  e f f i c i e n t  o p e r a t i o n  a t  

high advance r a t i o  a s  w e l l  a s  good s t a t i c  and t a k e o f f  per -  

f ormance . 
For t akeof f  and landing,  t h e  r o t o r  n a c e l l e s ,  con ta in ing  t h e  

forward r o t o r  t r ansmiss ion ,  tilt upwards toward t h e  v e r t i c a l .  

The engines ,  however, being mounted outboard of t h e  t i l t i n g  

package remain f i x e d  r e l a t i v e  t o  t h e  wing. T h i s  arrangement 

has t h e  advantages of n o t  r e q u i r i n g  q u a l i f i c a t i o n  of t h e  

engines f o r  v e r t i c a l  ( o r  s e v e r e l y  i n c l i n e d )  o p e r a t i o n  and 

reduces t h e  mass and i n e r t i a  of t h e  tilt package. 

The a i r c r a f t  has four  engines ,  two a t  each wing t i p .  The l e f t  

and r i g h t  r o t o r  t r ansmiss ions  a r e  in te rconnec ted  by a cross 

s h a f t  which provides  torque  t r a n s f e r  a c r o s s  t h e  a i r c r a f t  i n  

t h e  even t  of an engine f a i l u r e .  The l o c a t i o n  of  t h e  eng ines  

outboard of t h e  tilt package provides  easy  access  t o  t h e  

engine bays f o r  maintenance o r  engine  removal. 

The span of t h e  a i r c r a f t  is 78.5 f e e t  (23.93 n e t e r s )  measured 

between r o t o r  axes.  The wing i s  s t r a i g h t  and untapered  having 

an a s p e c t  r a t i o  of 9. Th. wing s e c t i o n  is a NACA 634221 a i r -  

f o i l  set a t  an inc idence  of  two degrees  r e l a t i v e  t o  t h e  

fuse lage  r e f e r e n c e  l i n e .  
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~ u l l  span trailing edge flaperons of 30% chord are provided 

for use as both flaps and ailerons. The leading edge of the 

wing carries a full span 15% chord Kruger flap. 

The empennage consists of a trimmable horizontal stabilizer 

whose tail volume ratio is 1.46 mounted atop of the vertical 

tail of volume ratio 0.145. The T tail configuration 

minimizes the effect of r o t ~ r  dwnwash on the horizontal tail 

during transition. 

The landing gear is a tricycle configuration to provide good 

ground handling characteristics and is retractable into the 

lower fuselage. 

Cabin layout and passenger accommodation details are shown in 

Figures 2.3 and 2.4 respectively. The passenger cabin has two 

main entrances on the port side of the aircraft. The rear 

entrance is equipped with an air stair in accordance with 

NASA guidelines; this is the normal entrance/exit. A third 

Type I entrance is located on the starboard side of the 

forward cabin. Two Type I1 exits are provided mid-cabin 

immediately aft of the baggage/toilet facilities, while a 

third is located aft, directly opposite the main entrance. 

The passenger cabin has seats for 100 passengers with an 

overall seat width of 21 inches and a seat pitch of 34 inches. 

Each passenger has under-seat stowage space (9 inches x 16 

inches x 23 inches) and overhead rack stowage with lockable 

doors. 
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An a i r  v e n t ,  i n d i v i d u a l  l i g h t ,  and a f o l d i n g  t a b l e  a r e  

provided f o r  each passenger i n  compliance w i t h  normal 

commercial a i r c r a f t  p r a c t i c e .  The cabin  has  d u a l  19 inch  

a i s l e s  and t h e  main cab in  l i g h t s  a r e  l o c a t e d  over  t h e  a i s l e s .  

A c o a t  r ack  is provided a t  each end of t h e  passenger cab in  

wi th  accommodation f o r  a t o t a l  of  80 passengers .  Two 

l a v a t o r i e s  a r e  provided i n  t h e  c e n t e r  of t h e  cab in  i n  l i n e  

w i t h  t h e  baggage stowage a r e a .  The baggage and to i l e t  

f a c i l i t i e s  a r e  l o c a t e d  i n  t h e  v i c i n i t y  of t h e  t i p  p a t h  p lane  

of t h e  r o t o r s  so t h a t  no passenger s e a t s  a r e  s u b j e c t e d  t o  

excess ive  n o i s e  and v i b r a t i o n .  Ex te rna l  baggage load ing  

doors a r e  provided f o r  ground crew access .  

The beverage s t o r a g e  and s e r v i c e  f a c i l i t i e s  a r e  l o c a t e d  a f t .  

This  u n i t  i s  a d j a c e n t  t o  t h e  s e r v i c e  door/emergency e x i t  which 

is  l a r g e r  than  t h e  minimum requ i red  Type I1 e x i t .  T icke t ing  

f a c i l i t i e s  a r e  l o c a t e d  i n  t h e  same s e r v i c e  u n i t .  

Sea t s  f o r  t h e  c a b i n  a t t e n d a n t s  a r e  l o c a t e d  a g a i n s t  t h e  forward 

passenger cab in  bulkhead close to  t h e  e x i t  and a g a i n s t  t h e  r e a r  

bulkhead close t o  t h e  r e a r  e x i t .  

The a v i o n i c s  and n a v i g a t i o n a l  g e a r  compartment is on t h e  p o r t  

s i d e  of t h e  a i r c r a q t  j u s t  fo rda rd  of t h e  cockp i t / cab in  bulkhead. 

The c o c k p i t  space  provides  adequate accommodation f o r  a f l i g h t  

crew of two wi th  e x c e l l e n t  v i s i b i l i t y .  A t h i r d  "observern  s e a t  

i s  s i t u a t e d  a d j a c e n t  t o  t h e  a v i o n i c s  bay a t  the  r e a r  of t h e  

cockp i t .  This  l o c a t i o n  provides  t h e  obse rve r  good forward 

v i s i o n ,  v i s i b i l i t y  over  t h e  f l i g h t  crew s t a t i o n s  and access  
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t o  t h e  av ionics /nav-a ids  bay. The c o c k p i t  has  a crew 

emergency e x i t  on each  s i d e .  

2 . 2  MISSION PERFORMANCE - 
The STOL tilt r o t o r  a i r c r a f t  h a s  been s i z e d  t o  t h e  mis s ion  

d e f i n e d  i n  Table  2 .2  and i l l u s t r a t e d  i n  F i g u r e  2.5. T h i s  

a i r c r a f t  c a r r i e s  100 passengc r s  o v e r  a s h o r t  h a u l  range  of 

371 k i l o m e t e r s  (200 i ~ a u t i c a i  miles). 

A d e t a i l e d  account  of  t h e  mis s ion  t i m e  h i s t o r y  is  provided  i n  

Tables  2 . 3  and 2.4. 

The i n i t i a l  phases  o f  t h e  mis s ion  i n c l u d i n g  t a x i ,  t a k e o f f ,  

i n i t i a l  a i r  maneuver and convers ion  t o  c r u i s e  f l i g h t  r e q u i r e  

150 pounds of  f u e l .  The a i r c r a f t  t h e n  c l imbs  t o  14,000 f e e t  

a t  an i n i t i a l  r a t e  of c l imb o f  3,105 f e e t  p e r  minute  and a 

f i n a l  r a t e  o f  c l imb o f  1 ,551  f e e t .  A t  t h e  end of t h e  c l imb 

segme:; t h e  a i r c r a f t  h a s  burned 538.7 pounds o f  f u e l  and has  

t r a v e l l e d  16.34 n a u t i c a l  m i l e s  down range.  

The a i r c r a f t  c r u i s e s  a t  14,000 f e e t  a t  an  i n i t i a l  we igh t  o f  

6 7 , 9 5 4  pounds and a t r u e  a i r s ? e e d  c f  310.7 kno t s .  A t  t h e  

end of  t h e  c r u i s e  segment t h e  a i r c r a f t  h a s  used 2,143.2 

pounds o f  f u e l  and h a s  t r a v e l l e d  173.88 n a u t i c a l  miles. The 

a i r c r a f t  speed a t  t h e  end o f  s r u i s e  i s  312.5 k n o t s  TAS. The 

average  s p e c i f i c  range  i n  t h e  c r u i s e  segment i s  0.0982 

n a u t i c a l  miles p e r  pound of  f u e l .  

The d e s c e n t  t o  2,000 f e e t  a l t i t u d e  1s i n i t i a l l y  a t  4,388 f e e t  

p e r  minute  r a t e  o f  d e s c e n t  f a l l i n g  to  2,137 f e e t  p e r  minute  

a t  2,000 f e e t  a l t i t u d e .  The f u e l  used a t  t h e  end o f  d e s c e n t  

amounts t o  2,229.5 pounds f o r  a range  o f  200 n a u t i c a l  miles. 
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TAXI OUT TAXI IW 

Taxi Out 

T a r o f f ,  T r a n s i t i o n  
c Convergion t o  
Conventional F l i g h t  

A i r  Maneuver 
(Origin)  

Acce le ra t ion  t o  
Climb Speed 

0.5 Min. 
P-4- 

A8 Calcu la ted  I I 
I I 

Cruise  I Ae Calcu la ted  A t  c o n s t a n t  i n t e -  
a r a l  1000 f t .  a l t i  

Climb A s  Ca lcu la ted  A t  o p t i m  3 c l imb I 
I spood I 

Descent t o  
2000 Feet  

h d e s  (no enrou to  

A8 Calcu la ted  5000 f p a  nuximurp 
rat. o f  descen t  

A i r  Maneuver a t  
2000 F t .  (Ma- 
t i n a t i o n )  

1000 fpm a u x i m u n !  
r a t e  o f  descen t  

1000 fpa maximum 
r a t e  of doscen t  
down t o  35 f e e t .  
600 fjm mximua 
r a t e  o f  descen t  
k lw  3s f e e t .  

1.5 n in .  

0 

- 
0 

Decelerat ing , 

Approach and Con- 
vers ion  t o  Power- 
ed L i f t  F l i g h t  
2000 Ft. t o  1000 
rt. - 
T r a n r i  t i o n  and 
Landing from 
1000 tt. to 
T o u c h d m  

TABLE 2.2.  STOL MISSION PROFILE DP,it'INITION. 

0 

As Calcu la ted  

Am Calcu la ted  
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The final air maneuver or loiter for 1.5 minutes increases 

the fuel used to 2,273 pounds. The descent to 1,000 feet 

altitude is done at an average rate of descent of 2,165 feet 

per minute followed by the descent from 1,000 feet conversion 

and landing. At touchdown the aircraft has used 2,381.2 

pounds of fuel and after a final taxi segment completes the 

mission for 2,390.6 pounds of fuel. 

The overall fuel consumption for the mission is 62.54 passenger 

miles per gallon of fuel. 

Table 2.3 also shows the computation of reserve ruel which 

is 1,044.6 90uild~ for a total ruel loacl of 3,435.2 pounds. 

The mission block time is 0.820 hours. 

2.3 COST ANALYSIS 

The design point aircraft initial costs are tabulated in 

Table 2.6. The flyaway costs have been computed using $90 and 

$110 per pound of airframe weight. At $90 per pound the 

aircraft initial cost is $4.62 million and at $110 per pound 

it is $5.34 million. The basic airframe costs are $3.24 

million and $3.97 million respectively with dynamic system, 

engines and avionics costs amounting to $1.37 million. 

The direct operating costs of the aircraft are also shown in 

Table 2.5 for utilization of 2,500 hours per year and 3,500 

hours per year and for both $90 and $110 per pound airframe 

costs. 



1985 100 PASSENGER STGL TILT ROTOR AIRCRAFT 

FLYAWAY COSTS 

A1 RFRAME COST $90.00/LB 

A1 RFRAME $3,244,230 
DYNAMIC SYSTEM 557,440 
ENGINES 566,928 
AVIONICS 250,000 

TOTAL $4,618,598 $5,339,538 

DIRECT OPERATING COSTS 
DOLLARS/SEAT MILE 

BLOCK DISTANCE = 230 S. MILES 

UTILIZATION (HRS/YR) 

AIRFRAME COST ( $ /LB ) 

FLYING OPERATIONS 
FLIGHT C-WW 
FUEL AND OIL 
HULL INSURANCE 

TOTAL FLYING OPERATIONS 

DIRECT MAINTENANCE 
AIRFRAME - LABOR 

- MATERIAL 
ENGINES - LABOR 

- MATERIAL 
DYNAMIC SYSTEM - LABOR 

- MATERIAL 
TOTAL DIRECT MAINTENANCE 

MAINTENANCE BURDEN 
TOTAL MAINTENANCE 

DEPRECIATION 

TOTAL DIRECT COSTS 

TABLE 2.5. INITIAL PND DIRECT OPERATING COSTS. 

19 
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For 2,500 hours p e r  yea r  and $90 pe r  pound t h e  d i r e c t  oper- 

a t i n g  cost is $2.31 c e n t s  p e r  s e a t  m i l e .  Th i s  cost b reaks  

down i n t o  0.87 c e n t s  p e r  s e a t  m i l e  f o r  f l i g h t  o p e r a t i o n ,  

0.83 c e n t s  p e r  s e a t  m i l e  f o r  maintenance and 0.61 c e n t s  

per  s e a t  m i l e  f o r  d e p r e c i a t i o n .  

A t  $110 pe r  pound a i r f rame  c o s t ,  t h e  d i r e c t  o p e r a t i n g  c o s t  

rises t o  2.44 c e n t s  p e r  s e a t  m i l e .  The i n c r e a s e  of 0.13 c e n t s  

per  s e a t  m i l e  is due t o  inc reased  h u l l  insurance  c o s t s ,  

inc reased  maintenance costs f o r  a i r f r a n e  m a t e r i a l  and a 

h igher  d e p r e c i a t i o n  cost. 

With inc reased  u t i l i z a t i o n  t o  3,500 hours and $90 p e r  pound 

a i r f rame  cost t h e  d i r e c t  o p e r a t i n g  cost i s  2.09 c e n t s  p e r  seat 

m i l e  and a t  $110 p e r  pound a i r f rame  c o s t  t h e  d i r e c t  o p e r a t i n g  

c o s t  i s  2.20 c e n t s  pe r  s e a t  m i l e .  These r e d u c t i o n s  i n  direct 

o p e r a t i n g  c o s t  are due t o  reduced insurance  and d e p r e c i a t i o n  

c o s t s  pe r  s e a t  m i l e  s i n c e  t h e s e  annual  costs a r e  sp read  over  

more passenger m i l e s  pe r  y e a r  a t  t h e  h i g h e r  l e v e l  of 

u t i l i z a t i o n .  

Table 2.6 shows s i m i l a r  d a t a  f o r  a modif ied a i r c r a f t  wi th  

inc reased  f u e l  tankage t o  provide  a 400 n a u t i c a l  m i l e  range 

c a p a b i l i t y .  

The a i r c r a f t  flyaway c o s t s  rise to  $4.63 m i l l i o n  a t  $90 p e r  

pound and $5.36 m i l l i o n  a t  $110 pe r  pound due t o  inc reased  

a i r c r a f t  weight.  This  a i r c r a f t  can  c a r r y  99 Fsssengers  over  

t h e  230 s t a t u t e  m i l e  des ign  m i s s i o n .  



1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

(EXTENDED RANGE VERSION) 

FLYAWAY COSTS .- 

AIRFRAME COST $90.00/LB $110.00/~~ 

A I RE' RAME $3,258,090 $3,982,110 
DYNAMIC SYSTEM 557,440 557,440 
ENGINES 566,928 566,928 
AVIONICS 250,000 250,000 

TOTAL $4,632,458 $5,356,478 

DIRECT OPERATING COSTS 
DOLLARS/SEAT MILE 

BLOCK DISTANCE = 230 S.MILES 

UTILIZATION (HRS/YR) 

AIRFRAME COST ($/LB) 

FLYING OPERATIONS 
FLIGHT CREW 
FUEL AND OIL 
HULL INSURANCE 

TOTAL FLYING OPERATIONS 

DIRECT MAINTENANCE 
AIRFRAME - LABOR 

- MATERIAL 
ENGINES - LABOR 

- MATERIAL 
DYNAMIC SYSTEM - LABOR 

- MAT'L 
TOTAL DIRECT MAINTENANCE 

MAINTENANCE BURDEN 
TOTAL MAINTENANCE 

DEPRECIATION 

TOTAL DIRECT COSTS 

TABLE 2.6. INITIAL AND DIRECT OPERATZIIG COSTS (EXTENDED 
RANGE) . 
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D i r e c t  operating c o s t s  per  s e a t  m i l e  and s e a t  k i lomete r  a s  a 

func t ion  of block d i s t a n c e  a r e  shown i n  F igure  2.6 f o r  t h e  

s p e c i f i e d  combinations of a i r c r a f t  u t i l i z a t i o n  and a i r f r a m e  

c o s t s .  F igure  2.6 also i l l u s t r a t e s  t h e  impact of extending 

t h e  des ign  range of t h e  TR-100 (98.2)  t o  460 s t a t u t e  miles. 

The i n c r e a s e  ic c o s t s  a t  t h e  des ign  p o i n t  range (230 s t a t u t e  

mi les )  i s  t h e  r e s u l t  of t h e  l o s s  of  one a v a i l a b l e  seat due 

t o  t h e  inc reased  empty weight f o r  t h e  i n s t a l l a t i o n  of  l a r g e r  

f u e l  tanks.  Although n o t  shown i n  F igure  2.6,  i t  should  be 

noted t h a t  t h e  l a r g e r  f u e l  t anks  w i l l  r e s u l t  i n  a small 

i n c r e a s e  (less than 1%) i n  s e a t  m i l e  costs a t  ranges  less 

than 230 s t a t u t e  miles due t o  i n c r e a s e s  i n  a i r f rame  mainten- 

ance and d e p r e c i a t i o n  costs. I n  t h e  extended range v e r s i o n ,  

s e a t  m i l e  c o s t s  show a con t inu ing  dec rease  beyond 230 s t a t u t e  

miles because t h e  i ~ c r e a s e  i n  block speed a t  t h e  longer  

ranges more than  o f f s e t s  t h e  e f f e c t  of fewer a v a i l a b l e  s e a t s .  

The inc reased  f u e l  requirements  f o r  460 s t a t u t e  m i l e  range 

reduce t h e  a v a i l a b l e  s e a t s  t o  88. 

2 . 4  NOISE 

One of t h e  most s i g n i f i c a n t  f a c t o r s  i n  conanunity acceptance  

of a V/STOL v e h i c l e  i s  t h e  annoyance l e v e l  caused by e x t e r n a l  

no i se  i n  t h e  t e rmina l  a rea .  T h i s  f a c t o r  is  d i f f i c u l t  to  

a s s e s s  s i n c e  t h e  l e v e l  of  annoyance appears  t o  depend upon 

s e v e r a l  parameters  (e.g. ,  o v e r a l l  SPL, frequency d i s t r i b u t i o n  

and t h e  exposure t i m e  i nvo lved) .  
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The noise spectra produced by the STOL design in its static 

thrust condition at the start of the takeoff roll are shown 

in Figure 2.7. This figure also shows the contributions of 

each noise component to the overall sound pressure level at 

various octave band frequencies. At frequencies above 100 

Hertz, the broadband noise predominates and at low frequencies 

the major contribution results from rotational naise. These 

noise spectra include the use of engine inlet noise suppression 

to prevent the inlet noise from dominating the high frequency 

band. The attenuation used is shown in Figure 2.8 and results 

from acoustical suppression linings in the engine inlet. 

The sound pressure levels shown in Figure 2.7 result in a 

perceived noise level of 101.3 PNdB at 500 feet sideline 

distance in the static thrust condition. 

A second and perhaps more effective way of adjudicating noise 

annoyance is to consider the noise footprint due to takeoff and 

landing operation. These data provide an indication of the ground 

area which will be subjected to a given perceived noise, These 

curves are shown in Figure 2.9 for both takeoff and landing con- 

ditions. The ground perceived noise level footprints show that 

the worst noise levels are observed on the flight ground track. 

The 95 PNdB contour encloses an area of 0.30 square kilometers 

(.115 square miles) on takeoff and 0.36 square kilometers 

( .  1 4  square miles) on landing. 

The time histories of perceived noise levels far various ob- 

server locations along the ground track are shown in Figures 

2.10 and 2.11 for typica!. takeoff and landing profiles. The 
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flight profiles used in these computations are also shown. 

These data allow exposure time to various noise levels to be 

considered in evaluating community acceptance. 
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3.0 DESIGN DATA 

a 
i. / This section of the report gives a detailed summary of the 

design point STOL tilt rotor performance capabilities, 

component weights, flying qualities in transition and cruise 

modes and some details of aircraft subsystems. 

3.1 VEHICLE PERFORMANCE 

The aircraft has been sized to carry 100 passengers over the 

200 nautical mile (371 kilometers) mission. A summary of the 

perfcrmance of the aircraft while flying the mission has been 

given in Section 2.2 of this re~ort. In this section of the 

report, a detailed assessment is given of the performance in 

takeoff, climb, cruise and landing. 

3.1.1 Takeoff Performance 

I The ground rules for the calculation of the takeoff performance 

of the STOL tilt rotor aircraft are summarized in Table 

The takeoff technique assumed, in order to calculate the 

takeoff performance, consists of (i) holding the aircraft at 

the start of the runway, brakes cn, while running up the 

engines to takeoff power, (ii) releasing the brakes and 

accelerating on the ground tc a predetermined rotation speed 

while maintaining constant. power, (iii) applying full up 

elevator and longitudinal cyclic to rotate the aircraft at a 

maximum fuselage rotation rate of 8 degrees per second until 

the fuselage is at 10 degrees angle of attack, and (iv) holding 

the same angle of attack until the threshold height cf 35 feet 
1 s c  .... is attained. 

2 1 
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The field length calculation required the evaluation of 

takeoff distance in the event of cutting one engine at the 

point of lift-off C-nd the evaluation of the accelerate-stop 

distance . 
The method of calculation of the engine out case assumes that 

a 9% (nine percent) power increase per remaining engine is 

available immediately. 

To calculate the accelerate-stop distance,tte distance to 

achieve lift-off speed, distance travelled during a one second 

delay at lift-off speed and the distance to stop at a constant 

deceleration of 0.35 g are summed. The lift-off speed is a 

variable dependent upon the nacelle incidence. 

All takeoff calculations were made with a flap deflection of 

40 degrees and with Kruger flaps deployed. 

The rotation speed of 120 feet per second is determined by 

the requirement of sufficient dynamic pressure to enable 

rotation of the aircraft without having to apply too large 

an amount of cyclic control on the rotors which would cause 

excessive blade loads. All other critical speeds are 

considerably lower than the sped dictated by the rotation 

requirement. 

The nacelle incidence required for takeoff is a compromise 

between the need for rapid forward acceleration and the 

requirement of rotating the aircraf~ once rotation speed is 

attained. 
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Figxe 3.1 shows the effect of rotation speed on the takeoff 

performance of the aircraft. In addition to the variation of 

normal takeoff distance (to 35 feet height) the graph also 

shows the variation of required field length. The factors 

that determine the takeoff field lzngth for the configuration 

considered in Figure 3.1 are (i) takeoff distance when one 

engine is cut at lift-off, and (ii) the accelerate-stop 

distance. 

The former is predominant at speeds below 121 feet per second 

while above this speed the accelerate-stop distance is greater. 

In all cases, the field length is greater than 115% of the 

takeoff distance with all engines operating. 

The variation of takeoff distance with atmospheric conditions 

is shown in Figure 3.2 for the case of all engines operating 

and the case when one engine is cut at lift-off. The degra- 

dation of engine performance and the effect of reduced air 

density on rotor and airframe aerodynamics are both reflected 

in the deterioration of takeoff performance as either altitude 

or ambient temperature is increased. 

On a standard day the aircraft, at design gross weight, =an 

operate from a 2,000 foot field at altitudes up to about 

3,000 feet and on a hot day (standard plus 31 degrees F) at 

altitudes up to 1,000 feet above sea level. 

Figure 3.3 shows that the takeoff distance is sensitive to 

the gross weight of the aircraft and becomes increasingly 

more sensitive as the design gross weight is approached and 

exceeded. 
34 
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The effect of varying nacelle incidence Ga takeoff pertor- 

mance is illustrated in Figure 3.4 .  For the range of 

incidences shown, the normal takeoff distance decreases 

monotonically as the incidence is increased. This trend, 

however, would not continue indefinitely and, in fact, above 

an incidence of 70 degrees the takeoff distance must increase 

rapidly with incidence. This is because at high values of 

incidence (near 90 degrees say) the rotor thrust is nearly 

vertical and the longitudinal force component tends to become 

insufficient to accelerate the aircraft to the lift-off 

speed. The upper curve in Figure 3.4 shows the same type 

of trend and shows a minimum distance when the nacelle 

incidence is about 66 degrees. 

Figure 3.5 shows the time history of three important takeoff 

parameters, specd, distance and height above :he runway. The 

dashed portion of the graphs indicates the time history when 

one engine is cut at the lift-off point. 

3.1.2 Transition Performance - 
Performance in transition is strongly dependent on the 

variation of rotor angle of attack with speed. The schedule 

of nacelle kcidence with speed, in turn, depends upon the 

details of the control system. 

Since a detailed design of the transition control system is 

beyond the scope of this conceptual study, the variation of 

power required with speed for a typical transition schedule 

(see Figures 3.23 and 3.24 in Section 3 . 3  of this report) has 
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been plotted in Figure 3.6. Superimposed on this curve is 

the tranrmirrion torque limit line. The variation of power 

along thir line is due to the varigtion of rotor speed from 

341 RPM, before, and 244 RPM after transition. 

3.1.3 Climb Performance 

The variation of rate of climb with altitude is shown in 

Figure 3.7. Climb rates with all engines operating (AEO) 

and with one engine inoperative (OEI) are shown for both 

t.h2 design gross weight (DGW) and the operating weight empt:y 

(OWE). 

At the design gross weight, the rate of climb AEO is 2,958 

feet per minute at sea level decreasing to a value of 1,625 

feet per minute at the 14,000 feet cruise altitude. Extra- 

polation of the appropriate curve indicates a service ceiling 

of about 27,000 feet. Below about 400 feet altitude, the 

climb perfo-nce is limited by the torque capability of the 

transmission but at higher altitudes the limiting factor is 

the engine power available at the climb power setting. 

At the operating empty weight, the rate of climb AEO varies 

from 4,887 feet per minute at sea level to 3,354 feet per 

minute at cruise altitude. Again at the lower altitudes 

(below about 2,000 feet), the climb rate is limited by the 

transmission torque capability. At this light weight, the 

power to weight ratio is relatively large and a very high 

climb angle would be possible. To avoid excessively large 
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fuse lage  i n c l i n a t i o n s ,  a  l i m i t  of 20 degrees  was imposed on 

t h e  fuse lage  f l o o r  angle .  This  l i m i t  i s  i n  f o r c e  up t o  an  

a l t i t u d e  of 10,000 f e e t .  

With one engine  i n o p e r a t i v e ,  t h e  cl imb performance is  

degraded by about 1,000 f e e t  p e r  minute i n  a l l  c a s e s .  A t  t h e  

des ign  g ross  weight,  t h e  r a t e  of cl imb is 1,910 f e e t  a t  s e a  

l e v e l  and f a l l s  t o  730 f e e t  pe r  minute a t  c r u i s e  a l t i t u d e .  

Ex t rap loa t ion  o f  t h i s  l i n e  i n d i c a t e s  a  s e r v i c e  c e i l i n g  o f  

about  21,000 f e e t  a l t i t u d e .  A t  t h e  o p e r a t i n g  empty weight ,  

t h e  s e a  l e v e l  cl imb r a t e  is  3,566 f e e t  p e r  minute and t h e  

va lue  a t  c r u i s e  a l t . . t u d e  i s  2,094 f e e t  p e r  minute. Desp i t e  

t h e  l o s s  of power f x ~ m  one engine ,  t h e  cl imb rate a t  t h e  

opera t ing  weight empty is  l i m i t e d  by t h e  f u s e l a g e  ang le  

r e s t r a i n t  up t o  an a l t i t u d e  of 10,000 f e e t .  

3.1.4 Cruise  Performance 

I n  t h e  c r u i s e  a t t i t u d e  t h e  r o t o r  n a c e l l e s  a r e  set a t  :?ro 

inc idence  and t h e  r o t o r s  o p e r a t e  a s  p r o p e l l e r s .  The r o t o r  

speed i s  reduced t o  70% of  t h e  takeoff  va lue .  

The v a r i a t i o n  wi th  speed of power r e q u i r e d  and a v a i l a b l e  i s  

shown i n  F igures  3.8 and 3.9 f o r  a l t i t u d e s  of 5,000 f e e t  

and 14,000 f e e t  r e s p e c t i v e l y .  Each graph shows t h e  v a r i a t i o n  

of power requ i red  f o r  t h r e e  g r o s s  weights;  t h e  des ign  g r o s s  

weight ,  a  mid weight  c f  58,000 pounds and t h e  o p e r a t i n g  empty 

weight.  Also shown on each graph is a p a i r  of l i n e s  showing 

t h e  v a r i a t i o n  of power a v a i l a b l e  wi th  a l l  engines  o p e r a t i n g  

(AEO) and wi th  one engine i n o p e r a t i v e  ( O E I ) .  
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At 5,000 feet altitude the maximum speed AEO is transmission 

limited to 287 knots at design gross weight and 298 knots of 

the operating empty weight. The corresponding speeds OEI, 

which are not transmission limited are 269 knots and 283 knots 

respectively. 

At design gross weight AEO the maximum cruise speed at 14,000 

feet altitude is 310 knots limited by both the power available 

at normal rated power and the transmission torque capability. 

At the operating weight empty the maximum cruise speed, AEO, 

is increased to 324 knots and is transmission limited. 

The corresponding OEI cruise speeds are 256 knots and 288 

knots respectively. 

Figure 3.10 summarizes the maximum cruise speed capability of 

the STOL tilt rotor as it varies with altitude. At design 

gross weight the maximum speed AEO is 310 knots at 14,000 

feet altitude. Below this altitude the speed is limited by 

the transmission torque capability, and at higher altitudes 

by the normal rated power available. At the operating empty 

weight the transmission limit extends to an altitude of 

14,500 feet and the maximum speed is 326 knots with all e~~gines 

operating. 

With one engine inoperative the cruise performance is not 

transmission limited at any altitude. At design gross weight 

the maximum speed (OEL) of 270 knots occurs at sea level. The 
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red.uct ion i n  speed c a p a b i l i t y  a t  h i g h e r  a l t i t u d e s  r e f l e c t s  

t h e  d e g r a d a t i o n  of  eng ine  performance (power a v a i l a b l e )  w i t h  

a l t i t u d e .  

I n  no c a s e  i s  t h e  c r u i s e  speed  c a p a b i l i t y  c l o s e r  t h a n  20 k n o t s  

below t h e  s t r u c t u r a l  maximum o p e r a t i n g  speed and Mach number, 

shown a s  a  boundary on t h e  extreme r i g h t  o f  F i g u r e  3.10. 

The a i r c r a f t  h a s  t h e  c a p a b i l i t y  t o  exceed t h e  o p e r a t i o n a l  

c o n s t r a i n t  o f  250 k n o t s  e q u i v a l e n t  a i r s p e e d  imposed a t  

a l t i t u d e s  o f  less t h a n  10,000 f e e t  o v e r  a  wide r ange  o f  power 

and we igh t  c o n d i t i o n s .  

F i g u r e s  3.11 and 3.12 show t h e  s p e c i f i c  r ange  performance 

ach ieved  by t h e  a i r c r a f t  i n  t h e  c r u i s e  mode a s  a f u n c t i o n  o f  

t r u e  a i r s p e e d .  F i g u r e  3.11 shows t h e  v a r i a t i o n  f o r  t h e  AEO 

c a s e  whereas F i g u r e  3.12 is f o r  O E I .  Each o f  t h e  two f i g u r e s  

i n c l u d e s  d a t a  f o r  a l t i t u d e s  o f  5,000 f e e t  and 14,000 f e e t  and 

f o r  t h r e e  g r o s s  we igh t s ;  d e s i g n  g r o s s  we igh t ,  a  mid we igh t  and 

t h e  o p e r a t i n g  empty weight .  

For bo th  t h e  AEO and O E I  c a s e s  t h e  s t r o n g  e f f e c t  o f  g r o s s  

weight  i n  r educ ing  t h e  s p e c i f i c  r ange  is  e v i d e n t  from F i g u r e s  

3 .11 and 3.12. For  example,  t h e  b e s t  s p e c i f i c  r ange  a t  

14,000 f e e t  a l t i t x d e ,  AEO, f a l l s  from 0.1462 t o  0.1122 n a u t i c a l  

miles p e r  pound of  f u e l  as we igh t  is  i n c r e a s e d  from t h e  ope r -  

a t i n g  weight  empty to  t h e  d e s i g n  g r o s s  we igh t .  A t  t h e  same 

t i m e  t h e  b e s t  range  speed  i n c r e a s e s  from 205 k n o t s  t o  237 

k n o t s .  The co r r e spond ing  v a l u e s  of  speed f o r  99% b e s t  r ange  

a r e  2 2 3  k n o t s  and 255 k n o t s .  

4 3 
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The e f f e c t  of a l t i t u d e  on s p e c i f i c  range can  be a s s e s s e d  by 

comparing t h e  upper and lower graphs i n  F i g u r e s  3.11 and 3.12. 

Changing a l t i t u d e  from 5,000 f e e t  t o  14,000 f e e t  t h e  b e s t  

s p e c i f i c  range is  inc reased  from 0.1240 n a u t i c a l  miles p e r  

pound of  f u e l  to  0.1462 whi le  t h e  b e s t  range speed rises 

from 190 knots  t o  205 knots .  

I t  should be noted t h a t  i n c r e a s i n g  t h e  c r u i s e  a l t i t u d e  above 

14,000 f e e t  would n o t  cont inue  t h e  apparen t  t r e n d  to  i n c r e a s -  

ing  s p e c i f i c  range. This  a l t i t u d e  is close t o  t h e  optimum 

and f u r t h e r  i n c r e a s e s  of  a l t j - t u d e  would l e a d  t o  reduced 

l e v e l s  of s p e c i f i c  range. 

The e f f e c t  of opera t ing*  a i r c r a f t  on t h r e e  eng ines  i n s t e a d  

of four  can he a s s e s s e d  by comparing t h e  curves  o f  F igure  

3.11 with t h o s e  of F igure  3.12. A t  a l l  b u t  t h e  h i g h e s t  

speeds t h e  a i r c r a f t  has  a h igher  s p e c i f i c  range when f l y i n g  

wi th  one engine inopera t ive .  This  is  due t o  t h e  improved 

s p e c i f i c  f u e l  consumption r e s u l t i n g  from o p e r a t i n g  t h e  t h r e e  

engines a t  an  inc reased  power l e v e l .  

For t h e  des ign  miss ion  range of  200 n a u t i c a l  m i l e s  t h e  f u e l  

consumption when f l y i n g  AEO is 62.54 passenger miles p e r  

g a l l o n  compared wi th  68.26 when f l y i n g  wi th  O E I  d u r i n g  t h e  

c r u i s e  and loi ter  segments. The o v e r a l l  miss ion  f u e l  

consumption f o r  t h e  a i r c r a f t  f l y i n g  AEO is shown a s  a f u n c t i o n  

of c r u i s e  speed i n  F igure  4.12. 

The payload range c a p a b i l i t y  of t h e  STOL tilt r o t o r  is  shown 

i n  F igure  3.13. The t akeof f  weight  used i n  t h e  c a l c u l a t i o n  
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of t h e s e  d a t a  was t h e  des ign  g r o s s  weight ,  68,493 pounds 

and t h e  miss ion  waa flown wi th  a l l  engines  opera t ing .  The 

d a t a  f o r  t h e  "off-design" range p o i n t s  was eva lua ted  by 

changing t h e  l e n g t h  of t h e  cruise p o r t i o n  of t h e  b a s i c  

mission. 

The graph i n d i c a t e s  t h a t  t h e  des ign  c o n d i t i o n  is  a  payload 

of 18,000 pounds (100 passengers)  a t  a range of 200 n a u t i c a l  

miles (230 s t a t u t e  miles). The maximum range of t h e  a i r c r a f t ,  

a s  des igned,  is  250 n a u t i c a l  iniles wi th  ze ro  payload. For 

f l i g h t s  of lesser range than  200 n a u t i c a l  miles t h e  payload 

c a p a b i l i t y  is g r e a t e r  than t h e  des ign  va lue  of  100 passengers .  

But s i n c e  no cargo c a r r y i n g  p rov i s ion  has  been made i n  t h e  

des ign  and t h e  s e a t i n g  is l i m i t e d  t o  In0 passenger8 t h e  

a d d i t i o n a l  c a p a b i l i t y  is  unusable.  

Fur the r  c a l c u l a t i o n s  have been made f o r  a n  "extended range" 

v e r s i o n  of t h e  s e l e c t e d  a i r c r a f t .  For ranges  of  g r e a t e r  

than  200 n a u t i c a l  m i l e s , a d d i t i o n a i  f u e l  tankage has  been 

added t o  e n a t i e  t h e  range to  be inc reased  to  400 n a u t i c a l  

miles. This  e n t a i l e d  t h e  a d d i t i o n  of 154  pounds of f u e l  t anks  

wi th  a  c a p a c i t y  of 306 g a l l o n s  of f u e l .  

Thus, a t  t h e  200 n a u t i c a l  mi le  range t h e  payload c a p a b i l i t y  

i s  reduced from 100 t o  99 passengers  and at. 40Q n a u t i c a l  m i l e s  

t h e  passenger c a p a c i t y  is  88. The a d d i t i o n a l  f u e l  tankage 

a l lows t h e  z e r o  payload range t o  be inc reased  t o  450 

n a u t i c a l  miles. 
-. 
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I n  F i g u r e  2 . 1 4  t h e  payload r ange  c a p a b i l i t y  is  shown f o r  

m i s s i o n s  i n  which one eng ine  is  s h u t  down d u r i n g  t h e  c r u i s e  

and lo i te r  segments.  S i n c e  t h e  c r u i s e  is flown w i t h  t h e  

eng ines  set a t  normal r a t e d  power, t h e  f u e l  consumption w i l l  

be  c o n s i d e r a b l y  less w i t h  one e n g i n e  s h u t  down. Th i s  i e  

r e f l e c t e d  i n  t h e  i n c r e a s e d  r m g e  performance shown i n  

F i g u r e  3.14. The maximum ranqe  w i t h  100 pas senge r s  h a s  

i n c r s a s e d  from 200 t o  230 n a l r t i c a l  miles and t h e  zero payload  

range  of  t h e  b a s i c  a i r c r a f t  h a s  i n c r e a s e d  by 50 t o  300 

n a u t i c a l  miles. The co r r e spond ing  r anges  f o r  t h e  "ex tended  

range"  v e r s i o n  a r e  458 and 530 n a u t i c a l  mi l ea .  

3.1.5 Landing Performance 

F i g u r e s  3.15 th rough  3.18 summarize t h e  l a n d i n g  performance: 

I of t h e  STOL tiit r s t o r  ~ i r c r ~ ~ f t .  The j r m n d  r u l e s  d i c t a t i n g  

t h e  l a n d i n g  performance a r e  summarized i n  Tab le  3.1. 

F i g u r e  3.15 ahows t h e  e f f e c t  o f  a tmosphe r i c  c o n d i t i o n s  on 

t h e  l a n d i n g  d i s t a n c e  and f i e l d  l e n g t h  a t  t h e  d e s i g n  g r o s s  

weight .  The e f f e c t  o f  b o t h  < ~ l t i t u d e  and t e m p e r a t u r e  are 

small i n  terms of  l a n d i n g  d i s t a n c e  or f i e l d  l e n g t h  when 

compared wi th  t h e  e f f e c t  on t a k e o f f .  The e f f e c t  is  d*;e 

e n t i r e l y  t c. t h e  change o f  aerodynamic f o r c e s  t h a t  r e s u l t  

from t h e  d e m i t y  changes a s s o c i a t e d  w i t h  a l t i t u d e  and temper- 

a ture v a r i a t i o n .  The e f f e c t  o f  a l t i t u d e  and t e m p e r a t ~ : ' e  

on the e n g i n e  performance is of m a l l  consequence because  

thae l a n d i n g  is e f f e c t e d  a t  a low power level. ( i n  t h e  r e g i o n  

of 50% o f  t a k e o f f  power.) 
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The e f f e c t  of a i r c r a f t  weight on t h e  landing performance 

is shown i n  F igure  3.16. The r a p i d  i n c r e a s e  of landing d i s t a n c e  

wi th  g r o s s  weight i s  due t o  t h e  i n c r e a s e  of approach speed 

requ i red  t o  achieve  t h e  r e q u i r e d  descen t  angle .  Th i s  h i g h e r  

approach speed d i c t a t e s  a  l a r g e r  braking d i s t a n c e  on t h e  

ground. 

F igure  3.17, t h e  e f f e c t  of n a c e l l e  ang le  on landing p e r f o r -  

mance, shows t h a t  t h e  des ign  p o i n t  landing performance is by 

no means t h e  s m a l l e s t  d i s t a n c e ,  o r  f i e l d  l eng th  apparen t ly  

ob ta inab le .  However, t o  o b t a i n  t h e  s h o r t e r  d i s t a n c e s  

corresponding t o  n a c e l l e  ang les  lower than  70 degrees  i s  

i m p r a c t i c a l  a s  t h e  fuse lage  a t t i t u d e  requ i red  t o  keep t h e  

r o t o r  a t  t h e  optimum angle  of  a t t a c k  becomes excess ive .  

Consequently,  a l l  o t h e r  l and ing  d a t a  have been c a l c u l a t e d  f o r  

a  n a c e l l e  inc idence  of 70 degrees  i n  o r d e r  to  keep f u s e l a g e  

angles  down t o  about  10 degrees  i n  t h e  f i n a l  approach and 

f l a r e .  
! 

The time h i s t o r y  of a  liinding a t  des ign  g r o s s  weight a t  s e a  

l e v e l ,  90 degrees  F i s  shown i n  F igure  3.18. Speed, d i s t a n c e  

from t h e  o b s t a c l e  and h e i g h t  above t h e  ground a r e  a l l  p l o t t e d  

a s  a  f u n c t i o n  of t i m e .  I t  can be seen from t h e  t o p  graph 

t h a t  a  c o n s t a n t  a i r s p e e d  is maintained u n t i l  touchdown and 

f o r  one second t h e r e a f t e r .  The one second de lay  is  t o  a l low 

t i m e  f o r  t h e  reduc t ion  of r o t o r  c o l 7 e c t i v e  p i t c h  and t h e  

a p p l i c a t i o n  of wheel brakes .  T h e r e a f t e r ,  t h e  a i r c r a f t  

d e c e l e r a t e s  cn t h e  ground a t  a  c o n s t a n t  d e c e l e r a t i o n  of  0.35 g .  
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During t h e  a i r b o r n e  p a r t  of t h e  landing,  a s l i g h t  f l a r e  

from a h e i g h t  of  25  f e e t  is r e q u i r e d  i n  o r d e r  t o  l i m i t  

t h e  touchdown s i n k  speed to  340 f e e t  p e r  minute. 

3.1.6 Airframe Draq 

The c o n t r i b u t i o n  of t h e  nlajor a i r f r ame  components t o  t h e  

t o t a l  d rag  i s  shown i n  Table 3.2 i n  terms of e q u i v a l e n t  

" f l a t p l a t e  d rag  a r e a " .  

p r o p e l l e r  advance r a t i o .  

The STOL tilt r o t o r  a i r c r a f t  has  an e q u i v a l e n t  d r a g  a r e a  of 

24.37 square  f e e t  (2.264 square  meters) and a g r o s s  weight  

t o  d rag  a r e a  r a t i o  of  2,811 pounds pe r  square  f o o t  (13,722 

kilograms p e r  square  meter). 

3.1.7 Prop/Rotor Performance 

The s t a t i c  and c r u i s e  performance of t h e  p rop / rc to r  is  

shown i n  F igures  3.19 and 3.20 r e s p e c t i v e l y .  The s t a t i c  

performance, shown i n  F igure  3.19, shows t h a t  t h e  f i g u r e  of  

merit achieved a t  t h e  s t a r t  o f  t akeof f  is 0.76 which is  very  

c l o s e  t o  the maximum a t t a i n a b l e  value.  

The performance i n  a x i a l  f l i g h t  ( c r u i s e ,  l o i t e r ,  c l imb,  etc.)  

i s  presented  i n  Figure  3.20 i n  t h e  form of  curves  of power 

c o e f f i c i e n t  ve r sus  t h r u s t  c o e f f i c i e n t  f o r  given v a l u e s  of  

Thc r o t o r  t l a d e  geometry is i l l u s t r a t e d  i n  F igure  3.45 i n  

Sec t ion  3.4 of  t h i s  r e p o r t .  
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COMPONENT 

FUSELAGE 

WING 

VERTICAL TAIL 

HORIZONTAL TAIL 

ROTOR NACELLES 

ENGINE NACELLES 

OIL COOLER MOMENTUM LOSS 

AIR CONDITIONING 

TRIM 

TOTAL DRAG AREA 

DRAG AREA 

F T ~  - m 2 - 
10.39 0.965 

7.20 0.669 

1.35 0.125 

1.41 0.131 

1.04 0.097 

2.14 0.199 

0.28 0.026 

0.50 0.046 

0.06 0.006 

24.37 2.264 

TABLE 3.2. D U G  SUMMARY. 

6 3  
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3.2 WEIGHT 

The STOL tilt rotor aircraft design gross weight is 31,067 

kilograms (68,493 pounds). The weight breakdown in term of 

the structural and system categories is shown in Table 

In the aircraft sizing procedure, weight trend curves 

developed at Boeing are used to establish the component and 

system weights as functions of configuration, size, flight 

envelope, etc. The fixed useful load, fixed equipment and 

payload was added and the required mission fuel was 

computed. The aircraft size was iterated until the mission 

fuel required was equal to the fuel weight available. 

The component and system weights are verified in Appendix C 

by comparison with trend line data. 

The calculation of aircraft weight is based upon several 

guidelines. The guidelines for the study and their impact 

on weight estimation are discussed in Appendix C. The major 

guideline requirements are summarized below: 

1. The maximum takeoff weight and maximum landing 

weight shall be the same. 

2. Passenger weight shall be 180 pounds (160 pounds 

passenger and 20 pounds of non-revenue baggage). 

3. No revenue cargo is assumed. 

4. Accommodation and equipment shall be provided 

fcr a flight crew of two and for one cabin 

attendant per 50 passengers. In addition, 



BOEINC VERTOL COMPANY WEIGHT SUMMARY PRELIMINARY DESIGN ~ 2 1 0 - 1 0 8 7 3 - 1  'MI L - S T D . I l 7 4 1  

T A I L  520.3 -- 
SURFACES - 520.3 

- - 

BODY - - - 3889 5 
BASIC 

SECONDARY 

A L I G H T I N G  G E A R  

COOLING 

C O N T R O L S  

STARTING 

PROPULSION GROUP 

E N G i N E  INST 'L  -- --- 
E x n A U S T  SYSTEM * 

-- 
PROPELLER INST'L *246.8 
L U B R l C P T l N C  * 

, F U E L  
D R I V E  

762 
18812 

F L I G H T  CONTROLS 1 -.- 

.. - - - - -- -+a 

-- 
HVDR. 6 P N E U M A T I C  --- 
E L E C T R I C A L  GROUP 

AVIONICS GROUP 293.9 648 

- 

I 

F U R h ,  h EQUIP.  GROUP 

ACCOM. F O R  PERSON. - 
MISC. ECUIPMENT .,-- -- 
FURNlSWlNGS ---- 
EMERG. EQUIPMENT 

A;=CONOITIONING - -  
ANTI- ICING CROUP 

L O A D  AND H A N D L I N G  GP. - 

3000.9 
- . -- 796*1._. 

I  
WEIGHT EMPTY 1 20431-0 145043 1 I 

6c16 
-_ - - 1755 

1 

C?EW ----- -- ~- -- 
T l d A P P E D  L I Q U I D S  --.- 
ENGINE OIL 59.9 132 -- - . . . . -- - - - . - - -- - -- . -- - - -- 
CRWI KWMk :'ypJS I 68 .O 150 

a 

- 
--=HE . 23.6 - -  - -. 5 2 . -. - - -- -- -- - - - -- - 

415.5 P ~ = = W ? ? ! ? ? .  - 916 - .- 
PASSENCPrj (100) 8164.6 18000--_ -- ..-. - - 

I - 
F U E L  

CROSS WEIGHT 31067.7 



D210-10873-1 

continued 

rome prov i s ion  s h a l l  be  made on t h e  f l i g h t  

deck f o r  an  o c c a s i c n a l  f l i g h t  observer .  

Each crew man p l u s  g e a r  weighs 190 pounds, 

and each cab in  a t ,  .dant p l u s  g e a r  weighs 

140 pounds. 

The a i r c r a f t  s h a l l  be equipped with an APU t o  

meet t h e  needs of s t a r t i n g ,  g:-tuna a i r  condi- 

t i o n i n g  and hea t ing .  

The a i r c r a f t  des igns  a r e  t o  be based on a 1985 

o p e r a t i o n a l  t i m e  p e r i o d .  The Cont rac to r  s h a l l  

assume tale a i r f rame  s t r u c t u r a l  weight  w i l l  be 

reduced by 25% by t h e  use  o f  composite m a t e r i a l s .  

I t  is t o  be assumed t h a t  by 1985, a system to  permi t  a l l  

weather o p e r a t i o n  w i l l  have been e s t a b l i s h e d  and t h a t  t h e  

V/STOL s h o r t  h a u l  t r a n s p o r t  system w i l l  use  it. 

Standard Weight Items 

The weights  of  s p e c i f i e d  s i andard  i t e m h  .:1,,' be a s  provided 

i n  Table 3.4, T i l t  R O ~ O L  Weights Guidel l t  .- 3 .  

Fly-By-Wire Contro l  -. i9stems 

Fly-by-wire c o n t r o l  systems a r e  permi t ted .  , . . n t ro l  za. .~figured 

v e h i c l e s  (CCV), such as a t a i l l e s s  tilt rotoy c o n f i g u r a t i o n  

are n o t  permi t ted .  

Gearboxes 

The r o t o r  gearboxes s h a l l  be d2signed f o r  t h e  maximum r a t e d  

engine  power and torque  under s e a  l e v e l ,  s t a n d a r d  day 

cond i t ions .  
68  



ITEM 
- - -- ~ 

WHEELS, TIRES AND BRAICES 

INSTRUMENTS (FLIGHT AND NAVIGATION) 

ELECTRICAL (EXCt,tJzTNG GENERATING 

ELECTRONICS (COMMUNICATION, r'LIGHT 

AND NAVIGATION) 

AUXILlARY POWER UNTT 1NSTULATION 

- 
SEATS AND BELTS 

PASSENGER: DOUBLE 

TRIPLE 

CREW SEATS r CABIN CREW 

FLIGHT CREW 

BEVERAGE ONLY 

AIR STAIR 

- 
WEIGHT 

1200 LBS 

16 LB/PASSENGER 

16 kB/PASSENGER 

16 LB/CREW MEMBER 

40 LB/CREW MEMBER 

TABLE 3.4. TILT ROTOR WEIGHTS GUIDELIP, S. 

69 
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Engines 

Rubberized irersions of existing engine designa are permitted, 

as appropriate far commercial service in 1985. The engine 

specific weight shali Sc 8.15 pmnds per shaft horaepower. 

The guideline weight of (544.2 Kg) 1,200 poundr for fnstru- 

mentation, electrical, electronics and auxiljary power unit 

installation has been assumed to be the unindtalled weight 

and an additionl- ' weight of 440.8 Kg (972 pounds) has been 

added to reflect installation. 

The cockpit and passenger cabin accomnodatiol; weights have 

tzen based upon the Boeing 737 aircraft since it was 

considered that passenger comfort of at least curient commer- 

cial quality would be required. 

The landing gear was sized to take a rate of sink of 500 feet 

per minu +nd represents 4% of the gross weight. 

The fly-by-wire control system weights are based upon recent 

Boeing experience with f ly-by-wire controls in the 347 

helicopter . 
The aircraft structure has been sized to a maneuver load 

factor of 2.:. and an ultimate load factor of 3.75 as recornmen- 

ded in FAR Part 25. 

The aircraft csiiter of gravity locations an3 moments of 

inertia are given in Tabla 3.5 for both tatzoff snd c n i s e  

flight at the extremes of the weight envelope, i.e., weight 

emsty  and design gross weight. 
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The txcursi~ns of center of gravity travel are shown for both 

the ta~eoff and cruise configurations in Figure 3.21. The 

center of gravity envelopes for this aircraft assme that 

window seats are filled first, followed by aisle seats. In 

the takeoff configuration the nacelle incidence is set at 

66 degrees. 

The aircraft weight resulting from this study is governed 

to a large extent by the selection of fixed equipment and 

fixed useful load weights as well as payload. In order to 

facilitate reasonable comparison with aircraft designed in 

other studies using different weights, growth factor data 

are given in Figure 3.22. This pl3t provides the change in 

aircraft gross weight design for increasing or decreasing 

fixed weight items. 

3.3 FLYING QUALITIES 

Transition - 

Although the hover control requirements do net influence the 

design of the STOL tilt rotor configuration, the transition 

from takeqff nacelle incidence to cruise flight retains the 

same elements of the tilt rotor transition controls design 

problem. 

The optimization and design of the control system in this 

flight regime are beyond the scope of a conceptual study. 

In order to pmvide visibility on available control powei-s 

in transition, a typical transition schedule has been 

considered. The variation of nacelle incidence and thrust 



32 X lo3 

3 0 

28 

KILO- 
GRAMS 

2 6 

2 4 

2 2  

2 0 

1s 

WEIGHT 

70 X lo3 

65 

60 

POUNDS 

5 5  

50 

4 5  

40 

D210-10873-1 

1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

E 
ROTOR 

3 3 . 5 %  
MAC 

I 
CRUISE FLIGHT 

AISLE SEATS 

I FUEL -- 4 I 
9.8% 
MAC 

I 
OPERATIhG WEIGHT 

, 

- TAKEOFF 

490 500 310 520 530 

FUSELAGE STATION - INCHES 

C 1 

12.5 13.0 
I 

13.5 
FUSELAGE STATION - METERS 

FIGURE 3.21. CENTER OF GRAVITY EE3'L7ELQPE. 
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

GROSS 
WEIGHT 
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LBS 

71 
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69 

68 
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-1000 -500 0 500 1000 

DELTA WEIGHT - POUNDS 

I 1 1 r, 
-400 -200 a 200 400 

DELTA WEIGHT - KILOGRAMS 

FIGURE 3.22. WEIGHT GROWTH AT CONSTANT PERFORMANCE AND 
STRENGTH. 

7.4 - 



D210-10873-1 

with airspeed for lg level trimmed flight is shown in 

:'Agure 3.23 and the control d2flections and resulting 

fuselage attitude are given in Figure 3.24. In order to 

facilitate rotation at takeoff a trimable horizontal taii 

has been assumed and this is trimmed back to zero incidence 

at '00 knots. 

Pitch control power is obtained from elevator and longitudinal 

cyclic pitch controls. The control power available based 

upon the trim schedule is shown in Figure 3.25. The guideline 

requirement stipulated 0.3 radians per second per second above 

40 knots and is superimposed in Figure 3.25. Thf: available 

control power exceeds this requirement at all speeds above 

the aircraft rotation speed. 

Roll control is achieved by differential thrust or collective 

and differential longitudinal cyclic pitch. As airspeed 

increases the aileron and spoiler controls become effective 

and the rotor controls are phased out as the nacelle incidence 

approaches cruise condition. The roll angular accqleration 

available is shown in Figure 3.26 and meets or exceeds the 

0.4 radians per second per second requirement throughout 

the transition range. 

Yaw control at low speed transition is also achieved by 

differential collective pitch and differential longitudinal 

cyclic as shown in Figure 3.27. At higher airspeeds the 

rotor controls are replaced by the rudder control as the 

cruise ccnfiguration is approached. 
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1985 100 PPSSENGER STOL TILT ROTOR AIRCRAFT 
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FIGURE 3 . 2 3 .  TYPICAL TRIM CHANLCTERISTICS IN TRANSITION - 
THRUST AND NACELTlE INCIDENCE. 
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1985 1 0 0  PASSEbiGER STOL TILT ROTOR AIRCRAFT 

GROSS WEIGHT = 6 8 , 4 9 3  LBS/31,068 K g  

TRANSITION AT SL/STD 

0 

CONTROL 
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FIGURE 3 . 2 4 .  TYPICAL TRIM CkL'4KACTERISTICS I N  TRANSITION - 
CONTROL DETLECTIONS AND FUSELAGE ATTITUDE. 
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

GROSS WEIGHT = 68,493 LBS/31,068 Kg 
TRANSITION AT SL/STD 

VELOCITY - KNOTS 

FIGURE 3.25. PITCH ANGULAR ACCELERATION CAPABILITY IN 
TRANSITION. 
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1 9 8 5  1 0 0  PASSEbGER STOL TILT ROTOR hIRC2WT 

GROSS WEIGHT = 68,4O3 LBS/31 ,068  KG 
TRANSITICN AT SL/STD 

4 
DIFFERSNTIAL 
LONGITUDINAL 
CYCLIC - 
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. a  
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. 4  
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FIGURE 3 . 2 6 .  ROLL CONTROL I N  TRANSITION. 
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1985 100 PZ SSENGER S m L  TILT ROTOR AiRCRAR 

GROSS WIGHT = 68,493 ~ ~ ~ / 3 1 , 0 6 8  Kg 
TRANSIT ION AT SL/STD 
RUDDER LEFLECTION = 20° 

NACELLE INCIDENCE - DEGREES 

NACELLE INCIDENCE - DEGREES 

FIGURE 3.27. YAW CONTROL IN TRANSITION. 
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Cruise P l i g h t  S t a b i l i t y  and Control 

The longi tud ina l  s ta t ic  s t a b i l i t y  of  t5e design po in t  S M L  

a i r c r a f t  is shown i n  Figure 3.28. This f i g u r e  shows the 

excursion i n  n e u t r a l  po in t  as a percentage of wing chord 

f o r  var ious  f l i g h t  speeds and hor izonta l  t a i l  volume r a t i o s ,  

I n  c r u i s e  f l i g h t  the most a f t  CG loca t ion  is 33.5% MAC. The 

hor izonta l  ta i l  volume r a t i o  of  the STOL design is 1.46 and 

t h i s  provides a s tat ic  margin il. excess of 5% C a t  a i r speeds  

a s  low as 140 knots. A s  airswed i n c r e  lses the s t a t i c  

margin increases .  

Fircures 3.29 and 3.30 presen t  the c r u i s e  f l i g h t  t r i m  d a t a  

f o r  forward and a f t  CG loca t ions .  The t r i m  a i r c r a f t  angle  

of a t t a c k  reduces as a i rspeed increases.  

A t  the a f t  CG condi t ion t h e  t r i m  m g l e  of 

a t t a c k  a t  normal rated power is 0.0 degrees a t  14,000 f e e t  

a l t i t u d e .  A t  t he  forward CG l oca t ion  t h e  t r i m  angle  of 

a t t a c k  reduces t o  -0.2 degree. 

Figure 3.31 and 3.32 show t h e  a i r c r a f t  p i t c h  change and 

e l eva to r  required wr g of maneuver load f a c t o r  i n  a 

coordinated turn .  8oth p i t ch  change and e l eva to r  required 

reduce a s  a i rspeed increases .  A t  high speed the e l eva to r  

t r a v e l  per g is small and would r e s u l t  i n  a high s t i c k  

force  per  g. This s i t u a t i o n  would requi re  a longi tud ina l  

" fee l"  system t o  provide the  p i l o t  with a morc displacement 

o r ien ted  control .  
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FIGURE 3.28. NEUTRAL POINT LOCATION AS A FUNCTION OF TAIL 
VOLUME RATIO AND VELOCITY. 
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TRIMMED 
FUSELAGE 4 
ATTITUDE 
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FIGURE 3 . 3 0 .  ChUISE TRIM CHARACTERISTICS - FORWARD CG. 

84 



D 2 1 0 - 1 0 8 7 3 - 1  

1 9 8 5  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 
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1 q FIGURE 3.32. LONGITUDINAL CONTROL IN CRUISE - FORWARD CG. 

8 6 
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The longitudinal dynamic response of the aircraft in the 

short period moCe is shown in Figure 3.33. The roots are 

given for variations in aircraft gross weight and CG 

position. All cases meet the requirements of level 1 

flying qualities (AGARD 577). The forward CG data show well 

damped periodic behavior. 

For the aft CG case the roots become aperiodic at low speed. 

This effect manifests itself as an increasing pitch response 

time constant . 
The pitch rate due to a unit elevator input is shown for 

the aft CG case in Figure 3.34 and shows acceptable behavior 

through the cruise flight range. At 180 knots the pitch 

time constant is 1.05 seconds and this reduces to 0.55 

seconds at 300 knots. 

The MIL-F-8785B(ASG) criteria for the short period mode is 

a response type of criteria and the STOL design point vehicle 

is shown in Figure 3.35 to meet level 1 criteria at all 

gross weights and CG positions. 

The dyr.-imic characteristics of the phugoid mode are shown 

in Figure 3.36. The phugoid roots are periodic and damped 

except for the low speed condition at design gross weight at 

14,000 feet. This root splits and one root appears on the 

real axis in the right h a d  plane. This is ?f no practical 

significance since the time to double amplitude for this 

case is 42 seconds. 
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1985  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

SYMBOL SPEED 

1 8 0  KNOTS 
3 0 0  KNOTS 
3 8 0  KNOTS 

FWG CG ( 1 0 %  E )  - 
AFT CG ( 3 5 %  c) - -  - 

--- 
LBS 

RAD u- 

- - 2 - -  SEC 
I 

3 - L'IGURE 3 . 3 3 .  LONGITUDINAL DYNAMIC RESPONSE CHARACTERISTICS 
- SHORT PERIOD. 



D 2 1 0 - 1 0 8 7 3 - 1  

1 9 8 5  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

GROSS WEIGHT = 6 8 , 4 9 3  L B S / 3 1 , 0 6 8  Kg 
C.G.  AT 35% MAC 
CRUISE AT SL/STD 

. 0 4  

PITCH 
RATE - 
RAD/SEC 

. 0 3  

TIME - SECONDS 

FIGURE 3 . 3 4 .  PITCH RATE RESPONSE TO UNIT STEP ELEVATOR INPUT. 



1985  100 PASSENGER STOL TILT ROTOR 

-3- 8785Nffi) 

D 2 1 0 - 1 0 8 7 3 - 1  

AIRCRAFT 

F I G U R E  3 . 3 5 .  SHORT-PERIOD FREQUENCY REQUIREMENTS. 
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The l a t e r a l  s t a t i c  s t a b i l i t y  der ivat ives  i n  c ru ise  a re  

shown i n  Figure 3.37. The a i r c r a f t  is s t a t i c a l l y  direct ion-  

a l l y  s tab le  (posi t ive C ) and the leve l  increases with a i r -  
"8 

speed. The dihedral  e f f e c t  i s  pos i t ive  ( i .e .  negative Cg ) ,  
B 

but t h i s  e f f e c t  i s  reduced as  airspeed increases.  This i s  

the r e s u l t  of the ro tor  contribution. The decreasing CQ 
B 

and t h e  increase i n  Cn a s  airspeed increases tend t o  hprove  
0 

the a i r c r a f t  dutch r o l l  s t a b i l i t y  and reduce the s p i r a l  mode 

~ t a b i l i t y .  

The s ide  force due t o  s ides l ip  der ivat ive C is large and 
Y B  

r e s u l t s  i n  a r e l a t ive ly  large r o l l  a q l e  t o  compensate i n  

f lying a s t r a i g h t  ground track i n  s ides l ip .  

This e f f e c t  i s  i n  evidence i n  the s i d e s l i p  cha rac te r i s t i c s  i n  

c ru isc  shown i n  Figure 3.38. A t  300 knots the r o l l  angle per 

degree of rudder i s  3.3 degrees t o  mcintain a s t r a i g h t  ground 

t rack.  The l a t e r a l  s t i c k  per degree of rudder is always 

posi t ive indicat ing normal control  directi(.m i n  s ides l i ? .  

. The rudder effect iveness  i n  s i d e s l i p  is high and decreases 

as airspeed increases.  

The r o l l  r a t e  der ivat ives  a re  shown i n  Figure 3.39. The r o l l  

r a t e  damping i s  high duc t o  the ro tor  contribution. The 

yawing moment due t o  r a t e  of r o l l  decreases as  airspeed 

increases. 

The yaw r a t e  der ivat ives  a re  shown i n  Figure 3.40 and indi-  

cate  a high C, o r  yaw dampinq. r 

92  
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

GROSS WEIGHT = 68,493 LBS/31,068 Kg 
-CENTEk OF GRAVITY AT 35% MAC 
SEA LEVEL/STANDARCI DAY I 

AIRSPEED - KNOTS 

FIGURE 3.37. STATIC LATERAL-DIRECTIONAL DERIVATIVES IN CRUISE. 



1985 100 PASSENGER STOL TILT ROTOR AIRCRAM' 

GROSS WEIGHT = 6 8 , 4 9 3  L B S / 3 1 , 0 6 8  Kg 
CENTER OF GRAVITY AT 35% MAC 
SEA LEVEL/STANDARD DAY 

AIRSPEED - KNOTS 

FIGURE 3 . 3 8 .  SIDE SLIP CHARACTERISTICS I N  CRUISE. 



1985 1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

GROSS WEIGHT = 6 8 , 4 9 3  L B S / 3 1 , 0 6 8  Kg 
CENTER OF GRAVITY AT 35% MAC 
SEA LEVEL, STANDARD DAY 

AIRSPEED - KNOTS 

FIGURE 3 . 3 9 .  LATERAL-DIRECTIONAL ROLL RATE DERIVATIVES IN CRUISE. 
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1985 100 PASSENGER STOL TILT ROrOR AIRCRWT 

GROSS WEIGHT = 68,493 LBS/31,068 Kg 
CENTER OF GRAVITY AT 35% MAC 
SEA LEVEL/STANDAHD DAY 

J 

FIGURE 3.40, LATERAL-DIRECTIONAL YAW RATE DERIVATIVES IN CRUISE . 
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The d a t a  p l o t t e d  i n  F i g u r e s  3.37, 3.39 and 3.40 a l l  apply 

t o  f l i g h t  a t  s e a  le .ve l ,  s t a n d a r d  day ,  a t  t h e  d e s i g n  g r o s s  

weight  w i t h  t h e  c e n t e r  of  g r a v i t y  a t  t h e  35 ? e r c e n t  mean 

aerodynaxilic chord l o c a t i o n .  Corresponding d a t a  f o r  a l t e i n a i e  

c o n d i t i o n s  of  weight ,  a l t i t u d e  and c e n t e r  of  g r a v i t y  l o c a t i o n  

a r e  t a b u l a t e d  i n  Tab les  3.6,  3.7 and 3.8. 

The r e sponse  of  t h e  a i r c r a f t  i n  t h e  d u t c h  r o l l  mode is shown 

i n  r o o t  l o c u s  form i n  F igu re  3.41. The r o o t s  i n d i c a t e  a 

p e r i o d i c ,  w e l l  damped mode f c r  a l l   eight and a l t i t u d e  

cc-- .di t ions c a l c u l a t e d .  

F i g u r e  3.42 shows t h e  r o l l  mode t i m e  c o n s t a n t  and s p i r a l  

mode d a t a .  The r o l l  mode time c o n s t a n t  meets MU.-F-8785B 

f o r  t h e  c r u i s e  f l i g h t  envelope  and o v e r  most c f  t h e  rant? is  

less t h a n  1 second. The s p i r a l  mode i s  m i l d l y  u n s t a b l c  and 

F igure  3.42 shows t h e  r e c i p r o c a l  o f  t h e  t i m e  t o  double  

ampli tude.  I n  t h e  w o r s t  c a s e  t h e  t i m e  t o  d o b l e  ampl i tude  i s  

g r e a t e r  t h a n  two minutes  which e a s i l y  meets t h e  MIL-F-8785B 

s p e c i f i c a t i o n  f o r  l e v e l  1 f l y i n g  q u a l i t i e s ,  

Gust S e n s i t i v i t v  and Direct L i f t  C o n t r o l  

The 100 passenger  STOL tilt r o t o r  e x h i b i t s  a s i m i l a r  deg ree  

of  g u s t  s e n s i t i v i t y  a s  was a p p a r e n t  i n  t h e  VTOL s t u d y  

(Reference 1). The s i t u a t i o n  w i t h o u t  a l l e v i a t i o n  shown i n  

F igu re  3.43 f o r  minimum and maximum o p e r a t i n g  g r o s s  we igh t s  

a t  10,000 f e e t  and 14,000 f e e t ,  i n d i c a t e s  t h a t  s u b s t a n t i a l  

amounts of l i f t  must be dnmpzd i f  t h e  g u s t  s e n s i t i v i t y  

c r i t e r i o n  is t o  be met. I t  is  env i s ioned  t h a t  t h i s  w i l l  be 
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i 1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

HEIGhT - FT 
WEIGHT - LB 
C.G. % MAC 

Speed-Knots 

140 
180 
2 20 
260 
300 
340 

C - Sideforce Due to Sideslip 
y0 

C R Q  - Rolling Moment Due to Sideslip 

Cn - Yawing Moment Due to Sideslip 
0 

TABLE 3.6. STATIC LATERAL-DIRECTIONAL DERIVATTVES IN CRUISE. 
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1985 100  PASSENGER STOL TILT ROTOR AIRCRAFT - 

P HEIGHT - FT SL SL SL 1 4 , 0 0 0  1 4 , 0 0 0  
WEIGHT - LB 6 8 , 4 9 3  6 8 , 4 9 3  4 7 , 5 0 0  6 8 , 4 9 3  4 7 , 5 0 0  
C . G .  % MAC 35% 10% 10  % 35% 1 0 %  

Cy - S i d e f o r c e  Due t o  Roll Rate  

Ck - R o l l i n g  Moment Due t o  Roll R a t e  
P 

Cn - Yawing Moment Due to  R o l l  Rate 

TABLE 3 . 7 .  LATERAL-DIRECTIONAL ROTA U T E  DERIVATIVES I N  CRUISE.  

99 
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1985 100 PASSENGER STOL T I L T  ROTOR A1RCW9l' 

HEIGHT - FT 
WEIGHT - LB 
C.G. % MAC 

Speed-Knots 

140 
180 
220 
260 
300 
3 4 0 

C ~ r  
- Sideforce  Due t o  Yaw Rate 

Ch - R o l l i n g  Moment Due t o  Yaw Rate 

=nc - Yawing Moment Due to  Yaw Rate 

TABLE 3.8. LATERAL-DIRECTIONAL YAW RATE DERIVATIVES IN CRUISE. 

10 0 
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

SYMBOL SPEED 

A 180 KNOTS 
0 300 KNOTS 
+ 380 KNOTS 

I '  
GW = 68,493 LBS- 
GW = 47,500 LBS 

FIGURE 3.41. LATERAL-DIRECTIONAL DYNAMIC RESPONSE CHARACTERISTICS 
- DUTCH ROLL MODE. 



t'. 
D210-10873-1 

1 9 8 5  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

ROLL 1.,3D% 

ROJJL MODE 
TIME CONSTANT 

- SECONDS 1 

GW = 4 7 , 5 0 0  LBS- 

- FWD CG (10% c) GROSS WEIGHT - -LBS - ALTITUDE - FEET 
-- - AFT CG (35% E )  1. 6 8 , 4 9 3  S.L. 

2.  4 7 , 5 0 0  S.L. 
' lT1/2 - 0 4  3.  4 7 , 5 0 0 -  S.L. 

SPIRAL MODE 
RECIPROCAL 
O F T I M E T O  0 
HALF OR 
DOUBLE 
AMPLITUDE - S E C ' ~  

.04 

1 4  
.08  -- 

VELOCITY - KNOTS 

FIGURE 3 - 4 2 .  LATERAL-DIRECTIONAL DYNAMIC RESPONSE 
CHARACTERISTICS - ROLL AND SPIRAL MODES. 



D 2 1 0 - 1 0 9 7 3 - 1  

1 9 8 5  100 PASSENGER fTOL TILT ROTOR AIRCRAFT 

G U S T  SENSITIVITY 
PARAMETER 

U T I T U D E  - FEET 

ALTITUDE - METERS 

FIGURE 3 . 4 3 .  GUST SENSITIVITY AT MAXIMUM CRUISE SPEED. 
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primarily accomplished by the automatic application of 

spoilers and flaps in amounts proportional to the angle of 

attack change produced by the gust. The spoilers and flap 

function will be supplemented by similar operation of rotor 

cyclic pitch controls and the applicatLon of elevator 

controls to counteract pitching tendencies. 

Rates of application and authority requirements were investi- 

gated in detail for the design point VTOL tilt rotor and the 

results of this investigation are presented in Reference 1. 

This study indicated that existing installed control powers 

were more than adequate for the gust alleviation function 

and this conclusion is assumed to be valid also for the 

STOL aircraft. It is concluded that the only major additional 

system requirements and weight penalties would be those 

associated with gust sensing equipment and avionics for 

signal conditioning and transmission of commands to the 

control actuators. These are estimated to be approximately 

35 pounds. 

3 . 4  SUBSYSTEMS 

Some of the subsystem requirements need definition in order 

that estimates of the component weights and performance can 

be made on a realist~c basis. The main systems that impact 

weight, cost and performance are - 
a) drive system 

b) rotor system 

c) control system, and 

d )  fuel system. 
L O 4  



Drive  - System 

The t r a n s m i s s i o n  of  t h e  STOL tilt r o t o r  i s  an  i d e n t i c a l  

l a y o u t  t o  t h e  VTOL tilt r o t o r  o f  Reference  1, e x c e p t  t h a t  t h e  

i n s t a l l e d  power is  lower and t h e  RPM r e d u c t i o n  i s  less. The 

dr i .ve  system components a r e  l i s t e d  i n  Tab le  3.9 and a 

schema t i c  i s  shown i n  F i g u r e  3.44. 

Two eng ines  a r e  mounted i n  e a c h  n a c e l l e  and d r i v e  th rough  

over running  c l u t c h e s  i n w  a t r a n s f e r  c a s e .  The t r a n s f e r  

c a s e  i s  s i z e d  a t  normal r a t e d  power a t  14,000 f e e t  a l t i t u d e  

and c r u i s e  RPM. The t r a n s f e r  c a s e  r e d u c t i o n  r a t i o  is 2 : l  

and a t  normal r a t e d  power of 1 ,870  horsepower p e r  e n g i n e  

and  a c r u i s e  eng ine  RPM of  14,430 g i v e s  a c r i t i c a l  mesh 

t o r q u e  of  1 ,362 foot-pounds.  

The o u t p u t  of t h e  t r a n s f e r  c a s e  d r i v e s  i n t o  t h e  eng ine  b e v e l  

box which has  a r e d u c t i o n  r a t i o  of  1 . 3 : l  and a c , c i t i c a l  

t o r q u e  o f  3,540 foot-pounds.  

The n e x t  component i s  t h e  r o t o r  t r s n s m i s s i o n  b e v e l  box 

which h a s  a  1.1:l r e d u c t i o n  r a t i o  a r d  a  c r i t i c a l  t o r q u e  o f  

3,910 foot-pounds.  

The main r o t o r  d r i v e  sys tem i n p u t  i s  5,040 RPM and r e d u c e s  

t o  a r o t o r  system RPM of 241 i ~ i  c r u i s e ,  a r a t i o  o f  20.9:1. 

A t  c r u i s e  ncrmal  r a t e d  power t h e  horsepower a v a i l a b l e  i s  

3,740 horsepower g i v i n g  a  t r ans in i s s ion  t o r q u e  of 81,000 

foot-pounds.  

The c r o s s  s h a f t  beve l  i s  s i z e d  by t h e  one e n g i n e  i n o p e r a t i v e  

r equ i r emen t  and t h e  a p p l i c a t i o n  of r o l l  c o n t r o l  i n  t h e  a d v e r s e  
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d i r e c t i o n  of  t a k e o f f .  The b e v e l  i n p u t  RPM a t  t h i s  c o n d i t i o n  

i s  7 , 2 0 0  RPM and h a s  a  1:l r e d u c t i o n  r a t i o .  The c r i t i c a l  

mesh t o r q u e  i s  3,318 foot-pounds.  

Rotc r System 

The r o t o r  system used i n  t h e  d e s i g n  i s  a  h i n g e l e s s  s o f t  i n -  

p l a n e  r o t o r .  The r o t o r  h a s  t h r e e  b l a d e s  and i s  4 4 . 4  f e e t  

i n  d i ame te r .  The r o t o r  s o l i d i t y  i s  0.082 g i v i n g  a b l a d e  

chord  o f  22.9 i nches .  F i g u r e  3.45 shows t h e  c h a r a c t e r i s t i c s  

of t h e  b lade .  The h i n g e l e s s  r o t o r  i s  a t t r a c t i v e  f o r  t h e  

commercial a p p l i c a t i o n  s i n c e  it e n a b l e s  a  s i m p l e r  hub d e s i g n  

t h a n  t h e  o t h e r  a l t e r n a t i v e s  (g imbal led  or a r t i c u l a t e d ) .  The 

r o t o r  ou t -of -p lace  f l a p p i n g  e x c u r s i o n s  a r e  low which shou ld  

make passenger  accep tance  of t h e  l a r g e  r o t o r  p r o p u l s i o n  sys tem 

e a s i e r .  The advantage of  d e s i g n  s i m p l i c i t y  shou ld  f a v o r a b l y  

impact t h e  maintenance and r e l i a b i l i t y  of  t h e  aircraft. 

T i l t  Rotor - Fly-By-Wire C o n t r o l s  

The tilt r o t o r  c o n t r o l  system r e q u i r e s  e x t e n s i v e  mix ing ,  g a i n  

and shaping  changes a s  a f u n c t i o n  of f l i g h t  c o n d i t i o n  and i s ,  

t h e r e f o r e ,  a  good c a n d i d a t e  f o r  f ly-by-wire c o n t r o l s .  A 

block diagram of  a  p o s s i b l e  system i s  shown i n  F i g u r e  3 .46 .  

Each of  t h e  c o n t r o l  i n p u t s  i s  conve r t ed  t o  e l e c t r i c a l  s i g n a l  

u s ing  l i n e a r  v a r i a b l e  d i sp l acemen t  t r a n s d u c e r s .  Four t r a n s -  

d u c e r s  on each c o n t r o l  p rov ide  i n p u t s  t o  f o u r  f ly-by-wire  

channels .  Each channel  d r i v e s  one of  f o u r  d r i v e  a c t u a t o r s  

on each  c o n t r o l .  The main a c t u a t o r s  a r e  h y d r a u l i c  and a r e  

d u a l  a c t u a t o r s  which r e c e i v e  command from t h e  f o u r  d r i v e  
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1985  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

BLADE 
TWIST 
-DEGREES 

BLADE 
THICKNESS 
-PERCENT 
CHORD 

BLADE 
CHORD 
-INCHES 

DESIGN 
LIFT 
COEFFICIENT 

BLADE RADIAL STATION - r/R 

FIGURE 3 . 4 5 .  ROTOR BLADE GEOMETRY. 

1 0  9 
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a c t u a t o r s .  The c o n t r o l  l o g i c  f o r  f a i l u r e  s e n s i n g  must be 

des igned  t o  u t i l i z e  t h e  quadruple  redundant  sys tem t o  be " f a i l  

ope rab le"  w i t h  any s i n g l e  f a i l u r e  and " f a i l  s a f e "  w i t h  doub le  

f a i l u r e .  

I n  t h i s  i n s t a n c e  " f a i l  ope rab le"  is in t ended  t o  r e f l e c t  no 

deg rada t ion  of  c o n t r o l s  i n  t h e  e v e n t  of  a  s i n g l e  f a i l u r e .  

T i l t  Rotor F u e l  System 

The f u e l  t a n k s  a r e  l o c a t e d  i n  t h e  winy. Four s e l f - s e a l i n g  

i n t e g r a l  f u e l  cells are used ,each  w i t h  a c a p a c i t y  o f  132 

g a l l o n s .  Each t ank  c o n t a i n s  an i n t e g r a l  f u e l  pump and 

cross f e e d  v s l v i n g  allows f o r  f u e l  r e d i s t r i b u t i o n  i n  f l i g h t .  

The system i s  des igned  f o r  p r e s s u r e  r e f u e l i n g  a t  300 g a l l o n s  

p e r  minute  and i n c o r p o r a t e s  f u e l  dump v a l v e s  f o r  j e t t i s o n .  



4.0 DESIGN DATA COMPARISONS 

The purpose of t h i s  s ec t ion  of t he  r epo r t  is t o  compare t h e  

STSL tilt ro to r  a i r c r a f t  of t h i s  study with t h e  base l ine  

VTOL tilt ro to r  and base l ine  tandem he l icopte r  defined i n  

Reference 1. In  p a r t i c u l a r ,  t he  bene f i t s  of employing a 

STOL operation r a the r  than VTOL a r e  assessed i n  terms of 

a i r c r a f t  s i z e  and performance, d i r e c t  operat ing c o s t ,  f u e l  

economy, e t c .  

4 . 1  COMPARISON OF AIRCRAFT CHARACTERISTICS 

To provide a proper bas i s  f o r  comparison of t h e  VTOL and STOL 

tilt ro to r  a i r c r a f t ,  t he  STOL a i r c r a f t  was designed t o  f l y  

t h e  same mission with t he  same payload under t he  same 

condit ions t h a t  were used t o  def ine  t h e  VTOL tilt r o t o r  except 

where the  spec i a l  requirements of STOL would c o n f l i c t  wi th  

them. Thus, t he  fuselage of t he  VTOL a i r c r a f t  was re ta ined  

a s  a bas i s  f o r  t h e  design s e l e c t i o n  and o ther  important 

parameters were var ied t o  allow se l ec t ion  of the  bes t  STOL 

tilt ro tor .  The design se l ec t ion  process i s  described i n  

d e t a i l  i n  Appendix A of t h i s  repor t .  

Table 4 . 1  contains a b r i e f  summary of the  most important 

weight and performance parameters of t he  tandem he l i cop te r ,  

the  STOL tilt r o t o r  and the  VTOL tilt ro tor .  The l i g h t e s t  

of the  th ree  a i r c r a f t  i s  the  tandem r o t o r  he l i cop te r  and 

the  heavies t  is the  VTOL tilt r o t o r .  The STOL tilt r o t o r  

a i r c r a f t  i s  considerably l i g h t e r  than the  VTOL f o r  a number 

of reasons. F i r s t ,  and most important,  is t h e  f a c t  t h a t  
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t h e  i n s t a  l l e d  power requ i red  t o  a 

D2 10-10 8 7 3- 1 

l low a less than  2,000 

f o o t  t a k e ~ f f  run  (1 l ,142 horsepower) is cons ide rab ly  less 

than t h a t  r equ i red  f o r  v e r t i c a l  t akeof f  (16,579 horsepower).  

Thus, t h e  weight  of engines  r e q u i r e d  f o r  t h e  STOL a i r c r a f t  

w i l l  be less than  for t h e  VTOL. 

Secondly, t h e  STOL tilt r o t o r  has  smal le r  r o t o r s  and 

empennage than  t ' e  VTOL t h u s  providing more sav ings  i n  

weight. I n  a d d i t i o n  t o  t h e  weight  sav ing ,  t h e s e  components 

have less drag  than  t h e i r  c o u n t e r p a r t s  on t h e  VTOL tilt 

r o t o r .  

Th i rd ly ,  t h e  reduced d rag ,  lower power and lower weight  of 

t h e  STOL a i r c r a f t  a l low f o r  a cons ide rab ly  s m a l l e r  f u e l  

usage (25 p e r c e n t  r educ t ion)  than  t h a t  of t h e  VTOL ~ l l r c r a f t .  

The n e t  r e s u l t  i s  a weight r e d u c t i o n  of 6,256 pounds. 

The lower i n s t a l l e d  power of t h e  STOL tilt r o t o r  r e s u l t s  i n  

a s i g n i f i c a n t  pena l ty  i n  c r u i s e  speed of  38 kno t s ,  ( r educ t ion  

from 349 f o r  t h e  VTOL down t o  311 for t h e  STOL a i r c r a f t )  an3 

a l s o  a degrada t ion  of t h e  cl imb c a p a b i l i t y .  However, t h e s e  

p e n a l t i e s  r e s u l t  i n  a block t i m e  i n c r e a s e  f o r  t h e  mission 

of  less t h a n  5 minutes.  

F igure  4 . 1  i s  a graph o f  tanden h e l i c o p t e r  g r o s s  weight  

ve r sus  t h e  des ign  maneuver l o a d  f a c t o r .  The des ign  maneuver 

load  f a c t o r  employed i n  s i z i n g  t h e  tandem h e l i c o p t e r s  

desc r ibed  i n  Reference 1 was 3.5 compared w i t h  2.5 f o r  t h e  

tilt r o t o r  a i r p l a n e s .  The cjraph of F igure  4 . 1  was prepared  
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i n  o r d e r  to  a l low a comparison of t h e  h e l i c o p t e r  wi th  t h e  

tilt r o t o r  a t  t h e  same maneuver load f a c t o r .  Gross weight  

f o r  t h e  VTOL and STOL tilt r o t o r s  have been s p o t t e d  on t h e  

graph c l e a r l y  demonstrat ing t h e  weights  of t h e  t h r e e  

d i f f e r e n t  a i r c r a f t  a t  a  load  f a c t o r  of 2 . 5 .  

The 500 f o o t  s i d e l i n e  perce ived n o i s e  .?.eve1 of t h e  STOL 

tilt r o t o r  is h igher  than  those  of t h e  b a s e l i n e  tandem h e l i -  

coper and t h e  VTOL tilt r o t o r ,  a s  shown i n  Figure  4 . 2 .  

This i s  due t o  i t s  h igher  r o t o r  t ipspeed  

and b lade  loading,  CT/a (800 f e e t  pe r  second and 0.166 

compared wi th  725 and .088 f o r  t h e  h e l i c o p t e r ) .  

I n  Reference 1 t h e  e f f e c t  of imposing e x t e r n a l  n o i s e  c o n s t r a i n t s  

on t h e  VTOL tilt r o t o r  and t.andem h e l i c o p t e r  des igns  was 

i n v e s t i g a t e d .  This  i n v e s t i g a t i o n  e n t a i l e d  r e s i z i n g  both  

c o n f i g u r a t i o n s  f o r  a  5 PNdB g r e a t e r  and a  5 PNdB lower n o i s e  

l e v e l  than  the b a s e l i n e  a i r c r a f t .  The e f f e c t  of t h e  e x t e r n a l  

no i se  l e v e l  on t h e  a i r c r a f t  des ign  was used a s  a  b a s i s  f o r  

comparison of  t h e  two concepts .  F igures  4 . 2  through 4.7 of  

t h i s  r e p o r t  c o n t a i n  t h e s e  comparisons w i t n  t h e  des ign  p o i n t  

STOL tilt r o t o r  p l o t t e d  i n  o r d e r  t o  a l low comparison wi th  

t h e  des igns  of Reference 1. 

Figure 4 . 2  shows a  comparison of t h e  a i r c r a f t  des ign  g r o s s  

weight a s  a  f u n c t i o n  of t h e  e x t e r n a l  n o i s e  l e v e l .  This  

c l e a r l y  shows t h e  g ross  wei5,ht and no i se  l e v e l  of t h e  STOL 

tilt r o t o r  i n  r e l a t i o n  t o  t h e  o t h e r  two b a s e l i n e  a i r c r a f t  

and t h e i r  'noise d e r i v a t i v e s " .  
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 
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FIGURE 4 . 6 .  COMPARiSON OF TAKEOFF AND IANDING - PERCEIVEI) 
NOISE L,EVEL CONTOURS. 
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I n  F igu re  4.3 t h e  i n s t a l l e d  power and r o t o r  s i z e  a r e  compared 

on t h e  b a s i s  of  e x t e r n a l  n o i s e  l e v e l .  The STOL tilt r o t a  

i s  seen  t o  have a  lower i n s t a l l e d  power and s m a l l e r  r o t o r  

d i ame te r  t h a n  bo th  of t h e  o t h e r  b a s e l i n e  a i r c r a f t .  Both 

of  t h e s e  f a c t s  r e f l e c t  the  f a c t  t h a t  a lower t a k e o f f  t h r u s t  

i s  r e q u i r e d  f o r  t h e  STOL thitn for  t h e  VTOL a i r c r a f t ,  

( s t a t i c  t h r u s t / w e i g h t  r a t i r i  of t h e  STOL tilt r o t o r  is  0.88 

compared w i t h  1 .101 f o r  t h e  VTOL tilt r o t o r  and 1 . 1 4  f o r  t h e  

tandem h e l i c o p t e r ) .  

The g raphs  of F i g u r e  4.4 show t h e  v a r i a t i o n  of r o t o r  s o l i d i t y ,  

t a k e o f f  t i p s p e e d  and c r u i s e  speed a t  normal r a t e d  power w i t h  

e x t e r n a l  p e r c e i v e d  n o i s e  l e v e l .  The s o l i d i t y  of t h e  STOL 

t i l t  r o t o r  i s  lower t h a n  t h a t  of bo th  b a s e l i n e  a i r c r a f t  and 

i ies  a lmos t  d i r e c t l y  on t h e  VTOL tilt r o t o r  s o l i d i t y  n o i s e  

t r e n d  l . ine.  

The t i p s p e e d  o f  t h e  STOL tilt r o t o r  i s  h i g h e r  t h a n  t h a t  of  

e i t h e r  of  t h e  o t h e r  b a s e l i n e  a i r c r a f t  and i s  a  s t r o n g  

i n f l u e n c e  i n  producing t h e  h i g h e r  e x t e r n a l  n o i s e  l e v e l  of  

t h i s  des ign .  

The t h i r d  g raph  of F i g u r e  4 . 4  shows t h e  c r u i s e  speed  n o i s e  

t r e n d s  f o r  t h e  VTOL tilt r o t o r  and tandem h e l i c o p t e r .  I t  

i s  s e e n  t h a t  t h e  STOL tilt r o t o r  c r u i s e  speed is  o n l y  a 

l i t t l e  lower t h a n  t h a t  of t h e  VTOL a i r c r a f t  and much g r e a t e r  

t h a n  t h a t  of t h e  tandem h e l i c o p t e r .  The STOL a i r c r a f t  i s  

s lower  t h a n  t h e  VTOL tilt r o t o r  due t o  i t s  lower i n s t a l l e d  

power. T h i s  e f f e c t  is  somewhat o f f s e t  b;~ t h e  lower p a r a s i t e  

d r a g  l e v e l  of  t h e  STOL tilt r o t o r .  
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Figure 4 . 5  illustrates the drag levels of the three concepts. 

The STOL tilt. rotor is seen to have the lowest drag level. The 

small difference of drag between the VTOL and STOL tilt rotors 

is due to the smaller wings, empennage and engine and rotor 

nacelles. 

The contours of 90, 95 and 100 PNdB of perceived noise level 

for takeoff and landing are shown in Fiqure 4.6 for the STOL 

tilt rotor in comparison with the VTOL tilt rotor and the tan- 

dem helicopter. The areas subjected to 90 PNdB are comparable 

for the tilt rotor aircraft. The area subjected to 90 PNdB by 

the helicopter is significantly larger, particularly for the 

landing maneuver. 

A more accurate comparison of the area within tke 95 PNdB contours 

during takeoff is available in Figure 4.7. The variation the 

area enclosed by the 95 PNdB contour has been plotted as a 

function of the 500-foot sidelins takeoff noise level. It is 

seen that the 95 PNdB contour of the STOL tilt rotor enc'loses a 

larger area (0.3 square kilometers (.I15 square miles)) than 

those of the VTOL tilt rotor (0.23 square kilometers (0.09 

square miles)) and the tandem helicopter (0.18 square kilometers 

(0.07 square miles)) during takeoff. The reverse is true for 

the landing case: 0.36 square kilometers (0.1.4 square mlles) 

for t!le STOL tilt rotor, 0.39 square kilometers (0.15 square 

miles) for the VTOL tilt rotor and 1.39 square kilometers (ri.535 

square miles) for the tandem helicopter. 

4.2 COST AND PRODUCTIVITY COMPARISONS -- 
The variation of initial cost of the VTOL tilt rotor and 

tandem helicopter with external noise design criteria are 

shown in Figure 4.8 for two levels of airframe cost. For the 

same two ai .frame cost levels the initi'll cost of the 

STOL tilt rotor aircraft are plotted on the chart at the 
1 3 A  
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a p p r o p r i a t e  n o i s e  le-re1 (101.3 PNdB) . The i n i t i a l  cost of 

t h e  STOL a i r c r a f t  lies roughly h a l f  way between t h e  costs 

of t h e  tandem h e l i c o p t e r  and t h e  VTOL tilt r o t o r .  

I n  F igure  4.9 t h e  d i r e c t  o p e r a t i n g  cost of  t h e  STOL tilt 

r o t o r  has  been p l o t t e d  on t h e  graph shewing t h e  d i r e c t  

opera t ing  cost - n o i s e  t r e n d s  f o r  t h e  VTOL tilt r o t o r  and 

tandem h e l i c o p t e r ,  f o r  two d i f f e r e n t  l e v e l s  of  u t i l i z a t i o n .  

The STOL tilt r o t o r  has  a lower d i r e c t  o p e r a t i n g  cost than  

e i t h e r  of the o t h e r  two b a s e l i n e  a i r c r a f t  a t  a  g iven 

u t i l i z a t i o n .  

The d i r e c t  o p e r a t i n g  c o s t  of the STOL tilt r o t o r  is  about  

1.2 c e n t s  p e r  s e a t  mile l ~ w e r  t h a n  t h a t  of  t h e  h e l i c o p t e r ,  

b u t  only  0 . 1  c e n t s  p e r  s e a t  m i l k  lower than  t h e  VTOL's c o p t .  

I n  each c a s e  t h e  des ign  p o i n t s  i n d i c a t e d  on t h e  graph were 

s e l x t e d  on t h e  merit of minimum d i r e c t  o p e r a t i n g  c o s t .  

The speed c a p a b i l i t y  of  STOL tilt r o t o r  a i r c r a f t  is  compared 

i n  terms of block speed v a r i ~ t i o n  wi th  block d i s t a n c e  i n  

Figure  4.10. Because of  t h e  non-productive t i m e  consumed 

i n  t e rmina l  maneuvers and t h e  lower speed climb p o r t i o n s  

t h e  block speed is n o t i c e a b l y  lower than  t h e  c r u i s e  speed 

f o r  each concept.  Of course ,  t h e  STOL tilt r o t o r  has  a 

s l i g h t l y  lower block speed t h a n  t h e  VTOL and a  markedly 

h igher  me than  the tandem h e l i c o p t e r .  

The v a r i a t i o n  of d i r e c t  o p e r a t i n g  c o s t  wi th  block d i s t a n c e  

is shown i n  Figure  4 . 1 1  i n  comparisor wi th  t h e  VTOL tilt 

r o t o r  and t h e  tandem h e l i c o p t e r .  

126 
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Two curves are shown for each aircraft. The ul;per curve 

represents an airframe cost of $110 per pound and an 

annual utilization of 2,500 hours. 

The lower curve represents $90 per pound airframe cost and 

a utilization of 3,500 hours per year. For all but block 

distances of less than 100 statute miles the STOL tilt rotor 

has a lower direct operatir j cost than the VTOL tilt rotor 

and the tandem helicopter. It is to be noted that a higher 

utilization leads to a lower operating cost iall other things 

being equal). The comparison (with respect to annual 

utilization) is somewhat unfair to the tilt rotor aircraft 

in that a higher speed aircraft can have a higher utilization 

than one with a lower speed (assuming equal non-productive 

times for maintenance, etc.) and as a result would incur 

a lower operating cost. 

Fuel consumption as a function of cruise speed is illustrated 

in Figure 4.12 fox each of the three concepts. The fuel 

consumption is expressed in passenger miles per gallon of 

fuel used. It can be seen that both of the tilt rotor con- 

figurations show a greater economy of fuel than does the 

helicopter and, in addition, fly much faster. It should 

also be noted that, for the design condition, the cruise 

altitude was optimum for each configuration. The design 

points indicated on the graph correspond to the maximum 

cruise speed with the cruise power setting and cruise RPM, 

and as such do not coincide with optimum fuel consumption. 
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I n  each c a s e  an improvement of about  10% can be achieved 

i n  f u e l  consumption by f l y i n g  t h e  c r u i s e  p a r t  of t h e  mission 

a t  t h e  optimum speed. Th i s  would, however, impose a h igher  

d i r e c t  o p e r a t i n g  c o s t  and lower p r o d u c t i v i t y .  For any g iven  

c r u i s e  speed t h e  STOL tilt r o t o r  has  by f a r  t h e  b e s t  f u e l  

economy by a margin of a t  l e a s t  10 passenger m i l e s  p e r  

g a l l o n .  By accep t ing  t h e  s a c r i f i c e  of  d i r e c t  o p e r a t i n g  c o s t  

and c r u i s i n g  a t  t h e  speed f o r  best f u e l  consumption an 

improvement from 62.5 t o  68.8 passenger m i l e s  p e r  g a l l o n  

could be achieved,  

A convenient  measure of p r o d u c t i v i t y ,  de f ined  by forming 

t h e  product  of payload and block speed and d i v i d i n g  by 

weight  empty is  shown i n  F igure  4.13 as a f u n c t i o n  of  range.  

On t h i s  b a s i s  t h e  tilt r o t o r  a i r c r a f t  a r e  almost  i d e n t i c a l  

i n  performarxe and s u r p a s s  t h e  h e l i c o p t e r  by a wide margin 

t h a t  increases w i t h  range,  The h i g h e r  speed o f  t h e  VTOL 

tilt r o t o r ,  r e l a t i v e  to  t h a t  of the STOL, is  o f f s e t  by i ts  

h igher  empty weight. 

Figure 4-14 shows t h e  f u e l  consumption of  t h e  STOL tilt 

rotor, d e s i g n  p o i n t  VTOL tilt r o t o r  and tandem h e l i c o p t e r  

i n  comparison w i t h  a  wide v a r i e t y  of e x i s t i n g  a i r c r a f t ,  
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PRODUCTIVITY 
RATIO 

PAYLOAD TIMES 
ITBLOc~ 1 6 0  
WEIGHT EM?TY 

DESIGN 
I RANGE . - 

-- 
VTOL 

ROTOR 

TANDEM HELICOPTER 

50 19C 150 2 0 0  250  300 
m - G E  - STATUTE MILES 

0 100 200 30C 403 500 
RANGE - KILOMETERS 
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5.0  TECHNICAL RISK AND SIZE LIMITATIONS 

Rackground 

The STOL tilt rotor transport was defined to have the same 

passenger carrying capacity as the VTOL aircraft designed 

for the same mission in Reference 1. These aircraft, both 

helicopter and tilt rotor, were not found to be limited up 

to the 100 passenger mark set by the study guidelines. 

However, since this issue of size provoked much thought and 

discussion in the VTOL studies the arguments and decision 

data are briefly recapitulated here for ease of reference, 

along with new issues specific to the STOL configuration. 

The VTOL study groundrules stated that the maximum payload 

should not exceed 100 passengers and that restrictions to a 

lower number should be governed by technological constrzint 

only. Economic factors such as minimum operating cost per 

available seat mile were cot to be considered in setting a 

size limit for the aircraft. The VTOL study was fully 

responsive to this groundrule, which might, under same cir- 

cumstances, have forced thz seiection of uneconomic designs. 

However, careful examination of technology issues dtd not 

result in the identification of any serious impediments to 

this maximum size aircraft. In fact, only the 100 passenger 

constraint was found to be more restrictive th?n either 

technological or economic considerations in both the 

heiicopter and VTOL tilt rotor configurations. In both 
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configurations the optimum operating costs occurred around 

the 100 passenger mark and there was no specific evidence 

of technological phenomena, or difficulties with fabrication 

techniques or component manufacture which would limit the 

helicopter or tilt rotor to some intermediate number of 

passengers. The 100 passenger size vehicles were accordingly 

selected for detailed study. 

Havin~ arrived at this aircraft study size it was cansidered 

worthwhile to review some of the other issues wb-ich might 

be involved in the selection of an aircraft Lo build. A 

large sized aircraft requires more development furids and 

more time to bring into service than a smaller sized aircraft. 

This might provide a persuasive argument for the development 

of a smaller design which would fall within some set of 

budgetary and schedule constraints. Another factor to be 

considered was the credibility of the size selected and 

support among the technical community. It would be more 

difficult to generate and sustain support for a larger 

~ather than a smaller sized development. Other issues which 

were identified as intruding into the area of economics were 

such questions as passenger density and frequency of 

schedule, and the availability of the initial capital costs 

to the cornrnercidl carrier. For example, the advantages of 

LOW direct operating cost could be overcome if the acquisition 

cost of the aircraft were more than the commercid carrier 

had at its disposal. 
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On t.he o t h e r  hand an a i r c r a f t  t h a t  was t o o  smal l  would be 

unecon.omica1 t o  o p e r a t e  and would r e q u i r e  a  premium f a r e  

s t r u c t c r e  which might p r e c l u d e  u s e  by t h e  d e s i r e d  market .  

Some o f  t h e s e  i s s u e s  were n o t  r e a d i l y  q u a n t i f i e d  and were 

i n  many c a s e s  ~ u t s i d e  t h e  d e f i n e d  scope of t h e  s t u d y .  A l l  

of  t h e s e  i s s u e s  have a  s u b s t a n t i a l l y  s i m i l a r  impac t  i n  t h e  

STOL tilt r o t o r  c o n f i g u r a t i o n .  

N e v e r t h e l e s s ,  economics were cons ide red  t o  b e  of  such  

importance t h a t  t h e  d i s c u s s i o n  of r i s k  was expanded t o  i n c l u d e  

t h e  e f f e c t s  of  d i - r e c t  o p e r a t i n g  c o s t  a s  w e l l  a s  an  e v a l u a t i o n  

of t h e  t e c h n i c a l  r i s k s .  

No i d e n t i f i e d  t e c h n o l o g i c a l  problems r e s t r i c t e d  e i t h e r  t h e  

tandem r o t o r  h e l i c o p t e r  o r  t h e  VTOL tilt r o t o r  c o n f i g u r a t i o n s  

t o  s i z e s  less t h a n  100 p a s s e n a e r s ,  and t h e  f i g u r e s  f o r  d i r e c t  

o p e r a t i n g  costs s t r o n g l y  s c g g e s t  100 pas senge r s  o r  above. 

The same s t a t e m e n t s  may be  rrade i n  r e l a t i o n  t o  t h e  STOL tilt 

r o t o r .  

The fiindamental assumption i n  t h e  e v a l u a t i o n  of  r i s k  f o r  

bo th  t h e  VTOL and S M L  tilt r o t o r  a i r c r a f t  h a s  been t h a t  t h e  

W-15 program w i l l  b e  s u c c e s s f u l .  Tha t  i s  t o  s a y  t h a t  pe r -  

formailce, h a n d l i n g  q u a l i t i e s  and s t r u c t u r a l  i n t e g r i t y  a r e  

d e a o n s t r a t e d  t o  be w i t h i n  an a c c e p t a b l e  and p r e d i c t a b l e  

range.  S p e c i f i c a l l y ,  it is assumed t h a t  t h e  b e h a v i o r  o f  

c u r r e n k l y  i d e n t i f i e d  phenomerla whf -h d e f i n e  d e s i g n  c o n d i t i o n s  

p e z u l i a r  t o  t h e  c o n f i g u r a t i c n  (such a s  w h i r l  f l u t t e r  and 

r o t o r  dynamic i n t e r a c t i o n s  w i t h  t h e  f l i c h t  made dynamics) 
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will be found to be as predicted by analysis and model and 

component testing. In summary, it is assumed that configur- 

ation problems will be resolved by the XV-15 program and, 

therefore, the discussion of risk for the 1985 tilt rotor 

transport may be limited to those issues which are functions 

only of size. 

Technical Evalu.ation of Risk 

It is not considered to be a useful exercise to speculate 

on the possible emergence of new phenomena and design diffi- 

culties are not predicted, quantification and evaluation is 

impossible. The potential for such development problems is 

recognized, but it is proposed that the development plan 

for the commercial transport vehicle should be structured 

to obtain an orderly resolution of design problems to 

minimize their impact. Before discussing such a development 

program which ensures against the intangible risks, it ic 

necessary to examine the known problem areas such as dynamic 

system design and predictable phenomena to dztermine whether 

any predictable limits exist. 

The potential for risk in the fuselage, empennage and 

aircraft systems must be considered minimal since structure 

and systems of this type are not significantly different 

from existing aircraft practice. The wealth of in for ma ti^^ 

in these areas for size ranges of the same magnitude and fcr 

much larger aircraft than the 100 passenger aircraft provides 

a solid basis for design and development. 
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Development d i f f i c u l t i e s  i n  p rev ious  expe r i ence  where l a r g e  

s t e p s  i n  s i z e  have been made i n  r o t a r y  wing d e s i g n  have heen 

r e l a t e d  t o  t h e  a i r c r a f t  dynamic systems.  For  t h i s  r eason  

it is  u s e f u l  t o  b r i e f l y  examine t h e s e  a r e a s  i n  tilt r o t o r  

des ign .  

The components and systems which have t h e  h i g h e s t  p o t e n t i a l  

f o r  developmental  r i s k  a r e :  

1. Drive System 

Can l a r g e  t r a n s m i s s i o n  wi th  l a r g e  t c r q u e s  and 

low r o t a t i o n  speeds  be s u c c e s s f u l l y  des igned?  

2 .  Rotor System 

Does t h e  r o t o r  b l a d e  s t r e n g t h  kzep pace  w i t h  r o t o r  

l o a d s  as s i z e  is  i n c r e a s e d ?  

A p o s i t i v e  conc lus ion  w a s  r e ~ c h e d  on  t h e s e  i s s u e s  

i n  t h e  VTOL tilt r o t o r .  The STOL tilt r o t o r  

which f e a t u r e s  a s m a l l e r  d i ame te r  r o t o r  an2 h i g h e r  

o p e r a t i n g  RPM t h a n  t h e  VTOL a i r c r a f t  would be  

inc luded  i n  t h e s e  conc lus ions .  

3. Rator ,  Nace l l e ,  Wing A e r o e l a s t i c  C o n s i d e r a t i o n s  

As s i z e  is  i n c r e a s e d ,  do the d e s i g n  z o n s t r a i n t s  

o f  wing s t r e n g t h  and frequency become more or 

less r e s t r i c t i v e ?  

I n  t h e  case of t h e  VTOL a i r c r a f t  it w a s  computed 

t h a t  p r o v i s i o n  o f  adequata  s t i f f n e s s  d i d  n o t  i n c u z  

any e x c e s s i v e  p e n a l t i e s .  Hcwever, STCL o p e r a t i o n  

raises s e v e r a l  new i s s u e s  which are discussed below. 
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Each of t h e s e  a r e a s  is ad.:zessed i n  t h e  fo l lowing d i s c u s s i o n .  

The s t r u c t u r a l  weight r e d u c t i o n s  of 25% used i n  t h e  s t u d y  i n  

accordance wi th  t h e  g d i d e l i n e s  is thought  to  c o n s t i t u t e  a 

t e c h n i c a l  r i s k .  A weight  r educ t ion  of 16% maximum would 

be more i n  l i n e  wi th  W i n g  exper ience .  

Drive T r a i n  

The d r i v e  t r a i n  r e q z l r e d  by t h e  i O O  passenger STCL tilt r o t o r  

a i r c r a f t  is shown s c h e m a t i c ~ . l l y  i n  F igure  5.1, The t e c h n i c a l  

r i s k s  may be eva lua ted  by comparicq each transr.l ission box o r  

gear  t r a i n  wi th  e x i s t i n g  t s r  dware. 

The engine t r a n s f e r  case c r i t i c a l  mesh to rque  i s  1,362 foo t -  

pounds, A s i m i l a r  s p u r  t o r q u e  mesh e x i s t s  i n  t h e  AH-56 t r a n s -  

mission designed t o  9,895 foot-pounds. 

The l a r g e s t  c" t h e  beve l  boxes r e q u i r e s  t h e  t r a n s m i s s i c n  of 

3,910 foot-pounds o f  to rque  which can be  compared t o  a beve l  

s e t  i n  the t ransmiss ion  o f  t h e  XCH-62 which is  designed t o  

7,200 Zoot-pounds. 

The main r o t o r  t r ansmiss ion  r e q u i r e s  a maximum to rque  o f  

81,000 foot-pounds which is  much smaller than  t h e  CH-53A 

a t  210,000 foot-pounds, o r  t h e  XCF-S3E a t  342,000 foot-pounds, 

o r  t h e  XCH-62 a t  358,000 foct-pounds. 

The r o t o r  t ransmiss ion  r e q u i r e s  a reduc t ion  r a t i o  o f  20.9:l. 

The XCH-53E main r o t o r  t r ansmiss ion  had a r e d u c t i o n  r a t i o  of  

35.8:1 and t h e  CH-53A 32.5:l. The XCH-62 r e d u c t j m  r z t i o  is  

Sl.2:!. 
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The maximum reduc t ion  r a t i o  r equ i red  f o r  the beve l  boxes is 

1.3:l which i s  quiLe l o w .  T y p i c a l l y  beve l  boxes can be  

designed up t o  3 : l  and a t  l o w  power , .ven 5 : l  r e d u c t i o n  r a t i o s  

are n o t  uncommon. 

The t r a n s f e r  case  spur  gea r ing  h a s  a  2 : l  r e d u c t i o n  rat io 

which aga in  i s  modest by i n d u s t r y  exper ience  (up t o  5 : l  

r a t i o s )  . 
These comparisons i n d i c a t e  t h a t  t h e  elements  of  t h e  d r i v e  

s y s t e ~ .  a r e  w e l l  w i t h i n  i n d u s t r y  exper ience  i n  ternis of  s i z e ,  

torque  t r a n s f e r  and r e d u c t i o n  r a t i o .  

The des ign  of  t h e  i n d i v i d u a l  g e a r  boxes and s h a f t i n g  cannot  

be cons idered  a  s i z e  l i m i t i n g  r i s k  i t e m  a l though t h e  

o p e r a t i o n  of t h e s e  components i n  t h e  c o n f i g u r a t i o n  s p e c i f i c  

t o  t h e  tilt r o t o r  would r e q u i r e  development as is  the case 

f o r  any new t ransmiss ion .  

Rotor Blade Design 

The des ign  o f  a h i n g e l e s s  r o t o r  for a tilt rotor a i r c r a f t  

r e q u i r e s  t h e  compromise of b lade  r o o t  s t r e n g t h  and b lade  

r o o t  s t i f f n e s s  i n  o r d e r  t o  p rov ide  a  f i n i s h e d  des ign  which 

has accep tab le  r o t a t i n g  b lade  f requenc ies  a s  w e l l  a s  adequate  

b lade  f a t i g u e  bending s t r e n g t h .  The d e t a i l e d  des ign  o f  t h e  

r o t o r  i s  beyond t h e  scope of t h l s  conceptual  d e s i g n  s tudy ,  

however, e s t i m a t e s  of  b lade  loads  and s t r e n g t h  have been 

made t o  show t h a t  such a  des ign  is  f e a s i b i e .  Based on 

exper ience  wi th  t h e  Boeing Model 222 des ign  t h e  8.5% r a d l a l  

s t a t i o n  on the blade  is t h e  probable  f a t i g u e  c r i t i c a l  sect- ion.  
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Since the rotor will be of fiberglass construction the 

allowable alternating stress may be taken as 12,000 psi. 

The modulus of elesticity for unidirectional fiberglass is 

6.2 X l o 6  pounds-square inch giving an allowable alternating 

strain of 1905 1! inch/inch. These data reflect today's 

technology and are, therefore, reasonably conservative for 

the 1985 time frame. 

The estimated allowable total alternating blade bending momert 

is 200,000 inch-pounds. The blade root stiffness is compatible 

with blade rotating first mode frequencies in the design 

criteria range used in the Model 222 design. 

Figure 5.2 shows the alternating total blade bonding moments 

for the design point tilt rotor sircraft in cruise flight 

at both sea level and 14,000 feet altitude for lg level 

flight at design gross weight. 

The alternating blade loads are about 50% to 75% of the 

estimated fatigue allowable. The rotor loads e been 

computed fron the measured 26 foot diameter loads using 

Mach scaling and accounting for the differmce in rotor 

solidity. cyclic pitch is assuned to be a function of 

longitudinal stick. Figure 5.3 shows the estimated normal 

load factor at which endurance limit loads on the blade 

root occur. For speeds in excess of 223 knats the aircraft 

can pull its design maneuver limi: with no fatigue damage 

and at the worst case can pull 2.1 g's before fatigue damage 

occurs. 



1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

FIGURE 5 . 2 .  ALTERNATE BLADE bLNDING LOADS IN CRUISE - lg 
LEVEL FLIGHT. 
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The c r i t e r i o n  used i n  t h e  p a s t  f o r  conven t iona l  p r o p e l l e r  

des ign  is  t h a t  t h e  b lade  should be a b l e  t o  t o l e r a t e  loads  

corresponding t o  1200 Aq (i.e. , ang le  of a t t a c k  times dynamic 

p r e s s u r e )  wi th  no damage. T h i s  l i n e  is a l s o  shown i n  F igure  

5.3 t o  provide  a comparison. 

The d e t a i l e d  des ign  of  t h e  b lade  and the a i r c r a f t  c o n t r o l  

system i n  t akeof f  and t r a n s i t i o n  would be r e q u i r e d  t o  

compute t h e  b iade  f a t i g u e  l i f e .  However, t h e  magnitude of 

t h e  loads  es t ima ted  i n  c r u i s e  and t h e i r  r e l a t i o n s h i p  to  t h e  

f a t i g u e  endurance l i m i t  p rovides  a reasonab le  i n d i c a t i o n  t h a t  

t h i s  b lade  could  be des igced t o  g i v e  an  adequate f a t i g u e  

l i f e  i n  commercial s e r v i c e .  

S c a l i n p  

I n  d i s c u s s i n g  p o s s i b l e  problems which may be a f u n c t i o n  of  

s i z e ,  t h e  q u e s t i o n  w i l l  be asked whether XV-3 and XV-15 

exper ience ,  as w e l l  a s  t h e  growing body of  f u l l  scale 

component and s c a l e d  model test d a t a  can  be e x t r a p o l a t e d  

o r  s c a l e d  up t o  t h e  s ize  a s s o c i a t e d  wi th  t h e  100 passenger  

tilt r o t o r  a i r c x a f t .  I t  is  t h e  p o s i t i o n  of Boeing V e r t o l  

t h a t  exper ience  gained i n  any w e l l  c o n d ~ c t e d  tilt r o t o r  

test program is  indeed r e l e v a n t  t o  o t h e r s  of l a r g e r  scale 

and t h a t  t h e  series of r e s u l t s  o f  tests of s c a l e d  models 

and f u l l  s c a l e  r o t o r s  which have been conducted i n  suppor t  

of t h e  NASA-Army Research Vehic le  compet i t ion ,  and subse- 

q u e n t l y ,  may be a p p l i e d  i n  t w o  ways: 
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( i) by direct application using scaling laws, 

and 

(ii) by validating general methodology which may 

be applied in widely different situations. 

The validity of scaling model data to full scale has been 

demonstrated at Weing Vertol by experience with the 1/9th 

scale version of the 26 foot diameter rotor which was tested 

in the NASA-Ames 40 by 80-foot wind tunnel. This experience 

is summarized in Figure 5.4 and shows that the small scale 

test was an adequate indicator of the aeroelastic behavior 

of the full scale wing and rotor system. 

A relatively smalier jump is invol'ved in going from the 

25-26 foot diameter level to a 44.4 foot diameter rotor 

system selected for the STOL tilt rotor aircraft. The more 

general question of validation of xri~athodology has been 

addressed at length in other Boeing aocuments ,e.g., 

Reference 3) and wiil not be repeated here, except to state 

that good predictive capability has been shown in all 

technology areas including blade loads, rotor derivatives 

and aeroelastic stability. 

Aeroelastic Stability 

Aeroelastic stability was recognized as a potential area of 

risk as aircraft size grew from levzls which had been 

studied in depth (e.g., Boeing Ve--to: Model 222 and Bell 

Model 301). STOL operation does not introduce any new 
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t e c h n o l o g i c a l  problems b u t  t h e  impact of the d i f f e r e n t  mode 

of  t akeof f  needs t o  be eva lua ted .  The concern was t h a t  t h e  

parameters  which determine a e r o e l a s t i c  behavior  might grow 

i n  such a manner t h a t  a e r o e l a s t i c  requi rements  would become 

governing, and t h a t  t h e  s t r u c t u r a l  weights  r e q u i r e d  would 

comprcmise t h e  payload c a r r y i n g  c a p a b i l i t y  o f  t h e  

a i r c r a f t  . 
For t h e  STOL tilt r o t o r  a i r c r a f t  t h e  h i n g e l e s s  rotor i s  

grown from t h e  26 f o o t  d iameter  s i z e  designed and t e s t e d  

f o r  t h e  Model 222  t o  44.4 f o o t  d iameter ,  t i p s p e e d  is i n c r e a s e d  

b u t  b lade  p e r  r e v  f requenc ies  a s  a f u n c t i o n  of  percentage  of  

c r u i s e  RPM a r e  maintained a t  t h e  va lues  s e l e c t e d  f o r  t h e  

Model222 and o t h e r  Boeing V e r t o l  des igns .  Lock number remains 

e f f e c t i v e l y  c o n s t a n t  or is s l i g h t l y  reduced because of  t h e  

lower s o l i d i t y  proposed f o r  t h e  1985 v e h i c l e .  Wing a s p e c t  

r a t i o  is r a t h e r  h i g h e r  than  Model 222.  Rather  than  a t t empt  

a deduction of  a e r o e l a s t i c  behavior  on t h e  b a s i s  of para-  

meter changes it was cons idered  d e s i r a b l e  t o  conduct  a 

d e t a i l e d  s tudy  us ing  methodology which was v a l i d a t e d  by 

model and f u l l  s c a l e  tests. (Reference 3 ) .  

This  d e t a i l e d  c a l c u l a t i o n  of a e r o e l a s t i c  behavior  w a s  made 

when t h e  f i n a l  des ign  p o i n t  a i r c r a f t  was s e l e c t e d .  

The approach t o  a s a t i s f a c t o r y  2es ign  from an a e r o e l a s t i c  

p o i n t  of view is  s l i g h t l y  d i f f e r e , - t  i n  ti. STOL c o n f i g u r a t i o n  

from t h a t  adopted i n  t h e  c a s e  of the VTOL tilt r o t o r .  I n  t h e  

VTOL c a s e  t h e  jump takeof f  c r i t e r i o n  f o r  wing s t r e n g t h  
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g e n e r a l l y  p rov ides  adequate  beamwise bending s t i f f n e s s  t o  

ensure  s a t i s f a c t o r y  margins i n  the a i r  resonance mode where 

t h e  r o t o r  r e g r e s s i v e  in-plane mode couples  w i t h  wing beam 

bending. I n  t h e  STOL a i r c r a f t , w i n g  s t r e l ~ g t h  requi rements  

do n o t  n e c e s s a r i l y  provide  such margins and frequency c r i t e r i a  

based on a i r  resonance and w h i r l  f l u t t e r  margins were 

e s t a b l i s h e d .  

I n  e s t a b l i s h i n g  a wing beam bending frequency c r i t e r i o n  t h e  

conse rva t ive  assumption was made t h a t  t akeof f  RPM would be 

used wi th  t h e  n a c e l l e s  f u l l y  down, and t h a t  a 20% margin on 

RPM would be maintained i n  t h i s  cond i t ion .  This  i s  conser-  

v a t i v e  because t h e  n a c e l l e s  w i l l  be t i l t ed  a s  r o t o r  speed 

is inc reased  from c r u i s e  RPl4 t o  hover RPM, and t h e  coupl ing  

between wing beam bending and r o t o r  in-plane motion i s  

s i g n i f i c a n t l y  reduced as t h e  n a c e l l e s  assume a l a n d i n g  o r  

takeoff  a t t i t u d e .  Th i s  l e d  t o  t h e  s e l e c t i o n  of a wing beam 

frequency of  3.5 Hz and by i m p l i c a t i o n  a chord bending 

frequency o f  8.75 Hertz.  

Torsion s t i f f n e s s  w a s  selected on t h e  b a s i s  of p r o v i d i v g  

s t a b i l i t y  up t o  1.2 VD. This  l e d  t o  a t o r s i o n a l  frequency 

requirement of  3.7 Hertz .  

Two a l t i t u d e s  were examined - s e a  l e v e l  and 13,300 feet, t h e  

a l t i t u d e  a t  which t h e  maximilm VMO(TAS) is encountered.  The 

a e r o e l a s t i c  boundaries  f o r  t h e s e  t w o  a l t i t u d e s  are shown i n  

F igure  5.5 and 5.6. No p a r t i c u l a r  d i f f i c u l t y  o r  unacceptable  
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weight pena l ty  i s  a n t i c i p a t e d  i n  providing t h e  s t r u c t u r a l  

s t i f f n e s s  impl ied  by t h e  above frequency c r i t e r i a ,  

Economics 

The s i n g l e  rcost impor tant  r i s k  parameter  i n  sc . ' ec t ing  a 

s u c c e s s f u l  commercial v e h i c l e  is c o s t .  The STOL a i r c r a f t  

passenger c a r r y i n g  c a p a c i t y  was maintained t h e  same a s  

f o r  t h e  VTOL v e h i c l e .  The i s s u e  of economics is  s o  impor tant  

t h a t  some of  t h e  arguments whi-ch l e d  to t h e  s e l e c t i o n  of  a 

100 passenger VTOL tilt r o t c r  d r e  recapi t . i i l s ted  hkre  f o r  

refererice.  

As t h e  payload (i.e., number of  passengers)  m d  s i z e  of t h e  

VTOL a i r c r a f t  i n c r e a s e d ,  t h e  d i r e c t  o p e r a t i n g  c o s t s  decreased.  

This  was i l l u s t r a t e d  by F igure  5.7. For exadple ,  t h e  costs 

of o p e r a t i o n  pe r  passenger mile of a 50 passenger  VT'JL 

a i r c r d f t  would be 43% h igher  than  i t s  100 passenger 

coun te rpa r t .  

S ince  no major technology i s s u e s  were i d e n t i f i e d  l i m i t i n g  

s i z e  i n  t h e  s t ~ d y  range! t h e  op t imiza t ion  of  v e h i c l e  c o s t  

c l e a r l y  i n d i c a t e d  t h a t  G 100 passenger v e h i c l e  (maxirn~l~  

all-owed by t h e  stud-1 g u i d e l i n e s )  had t o  t e  s e l e c t e d .  It 

was cons idered  t h a t  a compromise 6 e c i s i o n  t~ o f f e r  

commercially ari in te rmedia te  s i z e d  a i r c r a f t  wouid set Lack 

t h e  acceptance of  t h e  concept .  For e x m p l e l  a 50 passengar 

v e h i c l e  would demonstratc 2conomics which were s l i g h t l y  

worse than  t h e  100 passenger h e l i c o p t e r  which was cons idered  

a s  almost f a l l i n g  ~ i t h i n  t h e  c u r r e n t  s t a t e -o f - the -a r , t .  This  
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comparison would t end  t o  e l i m i n a t e  t h e  tilt rotor from 

con ten t ion .  

I n  a d d i t i o n ,  an i n t e r m e d i a t e  s i z e d  v e h i c l e  would n o t  compare 

favorab ly  wi th  convent ional  a i r c r a f t  i n  terms of  o p e r a t i n g  

cast whereas a one hundred passenger v e h i c l e  is  p o t e n t i a l l y  

s u p e r i o r  as shown i n  F igure  5.8. T h i s  advantage is even 

mors marked i n  t h e  case of t h e  STOL tilt rotor. 

I n  t h e  commercial s i t u a t i o n ,  it was recognized t h a t  t h e s e  

economic f a c t s  r e q u i r e d  t h a t  u n l e s s  compell ing t e c h n i c a l  

and eng inee r ing  reasons  were c l e a r l y  i d e n t i f i e d  l i m i t i n g  

t h e  s i z e  of  t h e  a i r c r a f t ,  t h e  s e l e c t e d  v e h i c l e  had to  be o f  

100 passenger s i z e  if t h e  VTOL tilt r o t o r  concept  was to  

r e a l i z e  i t s  p o t e n t i a l  and s u c c e s s f u l l y  compete i n  LIe s h o r t  

h a u l  market p lace .  T h i s  p o s i t i o n  does n o t  p rec lude  t h e  csn- 

a t r u c t i o n  of  .m i n t e r m e d i a t e  s i z e d  v e h i c l e  f o r  component 

development and technology demonst ra t ion  purposes and a 

program o f  t h i s  s o r t  invo lv ing  component development and 

t e s t i n g  w a s  proposed i n  Reference 1. 

Program Schedule 

To m e e t  a 1985 dead l ine  f o r  t h e  100 passenger  t r a n s p o r t ,  

t h e  program would r e q u i r e  i n i t i a t i o n  i n  1978, wi th  l a b o r a t o r y  

work and w h i r l  tests dur ing  1979 and 1980. The f u s e l a g e  

f o r  an in te rmedia te  s i z e d  a i r c r a f t  would be  s e l t c t e d  from 

e x i s t i n g  inven to ry  s i n c e  c r u i s e  performance w i l l  nat be 

c r i t i c a l  on t h e  tes t  bed v e h i c l e .  This  phase would need t o  

be s t a r t e d  i n  1979 to  produce f l i g h t  d a t a  hy 1981. The 
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t h i s  why and the 

acquis i t ion o f  f l i g h t  experience w i l l  provide a necessary 

background t o  f l y  commercially successful  passenger tilt 

rotor a i rcra f t  by 1485.  



6.0 CONCLUSIONS 

A 100 passenger STOL tilt r o t o r  a i r c r a f t  has been designed 

t h a t  can perform t h e  same mission as t h e  VTOL tilt rotor of 

Reference 1 a t  lower c o s t  and f u e l  cons;lmption. The p r i c e  

of t he se  improvements includes  a s l i g h t l y  lower maximum 

c r u i s e  speed and t h e  loss of v e r t i c a l  l i f t  c a p a b i l i t y .  

I n  changing from VTOL t o  STOL t h e  following b e n e f i t s  accrue: 

o I n i t i a l  cost is reduced from $5.15M to 

$4.62#. 

o Fuel consumption is improved 32.1% from 

47.3 t o  62.5 passenger m i l e s  pe r  g a l i m .  

c Direct operat ing c o s t  i s  reduced from 2.19 

t o  2.09 cen t s  per  s e a t  m i l e .  

o Gross weight, weight empty, i n s t a l l e d  power 

and r o t o r  s i z e  are a l l  s i g n i f i c a n t l y  reduced. 

Tha above b e n e f i t s  are a t t a i n e d  a t  the p r i c e  of  t h e  follow- 

ing items: 

o The maximum c r u i s e  speed falls from 349 knots  

t o  311 knots. This r e s u l t s  i n  a reduct ion of 

block speed from 258 knots to  246 knots and a 

block t i m e  increase  of l e s s  than f i v e  minutes. 

o The 500 f o o t  s i d e l i n e  perceived no ise  l e v e l  is  

increased from 98.2 t o  3G1.3 PNdB and t h e  a r ea  

sub jec t  t o  a takeoff  no ise  l e v e l  of 95 PNdB 

o r  nore is increased f r o n  0.09 t o  0.11 square 
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miles. However, t h e  a r ea  sub jec t  to 95 

PNdB landing noise  is reduced from 0.15 

to  0.13 square niiles. 

o The i n s t a l l e d  power is s u f f i c i e n t  t o  l i f t  

only 25 passengers v e r t i c a l l y .  

The change i n  p roduc t iv i ty  r a t i o  when designing f o r  STOL 

r a t h e r  than VTOL is  neg l ig ib l e  i n  t h a t  reduct ion i n  speed 

is balanced by the  reduct ion i n  empty weight. 

There i s  no i d e ~ t i f i a b l e  r i s k  t h a t  can be quan t i f i ed  f o r  t h e  

STOL tilt r o t o r  though a component development program would 

be required t o  minimize development r i s k s .  
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APPENDIX A 

DESIGN PGINT SELECTION PROCESS 

The s tudy  approach, o u t l i n e d  i n  t h e  Sta tement  of Work, s t a t e d '  

t h a t  t h e  des ign  p c i n t  VTOL tilt r c t o r  a i r c r a f t  should  be 

reeva lua ted  as a STOL tilt r o t o r .  To provide  a  meaningful 

comparison of  STOL w i t h  VTOL t h i s  was i n t e r p r e t e d  t o  mean 

t h a t  t h e  two a i r c r a f t  shc~uld  have the same c a p a b i l i t i e s  i n  

terms of payload and ranqe. The b e n e f i t s  ( o r  d e f i c i t s )  

accruing from des ign ing  for STOL r a t h e r  than  VTOL would 

then be e a s i l y  v i s i b l e  i n  terms of performance parameters  

and des ign  c h a r a c t e r i s t i c s .  

I n  view of t h e  d e s i r a b i l i t y  of ach iev ing  t h e  same payload 

(100 passengers)  and range (200 n a u t i c a l  m i l e s )  t h e  f u s e l a g e  

(and i t s  contents !  of the VTOL tilt r o t o r  was r e t a i n e d  

wi thout  modi f i ca t ion ,  and t h e  study c o n s i s t e d  of s e l e c t i n g  

t h e  a p p r o p r i a t e  r o t o r s ,  engine power, wings and 

empennage. 

The r e s u l t s  of the  pa ramet r i c  s t u d i e s  c a r r i e d  o u t  while  

s e l e c t i n g  t h e  VTOL tilt r o t o r  a r e  r e p o r t e d  i n  Rzference 1. 

These d a t a  form a f i r m  b a s i s  for  t h e  i n i t i a l  s e l e c t i o n  of 

c e r t a i n  p a r a n e t e r s  and des ign  c o n d i t i o n s  that a r e  d i r e c t l y  

a p p l i c c b l e  t o  t h e  s e l e c t i o n  of t h e  STOL tilt r o t o r .  Because 

of t h i s  l a r g e  background of s u i t a b l e  d a t a  t h e  number of  

parametr ic  s t u d i e s  r e q u i r e d  t o  de ' ine  t h e  b e s t  STOL tilt 

r o t o r  was g r e a t l y  reduced. As i n  t h z  c a s e  of t h e  VTOL 
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a i r c r a f t ,  t h e  pa ramet r i c  s t u d i e s  were c a r r i e d  o u t  us ing  

VASCOMP IS, t h e  V/STOL A i r c r a f t  S i z i n g  and Performance 

Computer Prograq,  3 e f e r t n c e  2. 

The i n i t i a l  parameter  i n v e s t i g a t i o n  was c a r r i e d  o u t  wi th  

t h e  b a s e l i n e  VTOL tilt rotor as a s t a r t i n g  p o i n t .  The m o s t  

obvious parameter  t o  change is t h e  s t a t i c  t h r u s t  to  weight  

ra t io ,  because a s m a l l e r  va lue  of  t h r u s t  is r e q u i r e d  t o  

execu te  a running t akeof f  than  would be r e q u i r e d  to  l i f t  

t h e  a i r c r a f t  v e r t i c a l l y .  The o t h e r  parameters  e x e r c i s e d  

d u r i n g  t h e  f i r s t  i t e r a t i o n  were wing load ing  and r o t o r  

diameter .  A t  t h i s  s t a g e  t h e  r o t o r  des ign  remained 

unchanged excep t  f o r  such changes a s  r e s u l t e d  from s c a l i n g  

t h e  d iameter  a t  c o n s t a c t  s o l i d i t y .  The t akeof f  and c r u i s e  

r o t o r  t i p s p e e d s  were h e l d  s t  775 and 542.5 f e e t  p e r  second 

r e s p e c t i v e l y .  

The r e s u l t s  of  t h e  s i z i n g  c a l c u l a t i o n s  c a r r i e d  o u t  n t  t h i s  

s t a g e  are p l o t t e d  i n  c a r p e t  form i n  F igures  A 1  through A9. 

On each graph of d i r e c t  o p e r a t i n g  c o s t  v e r s u s  wing load ing  

and r o t a r  d iameter  (Figures  A 3 ,  A 6  and A9) a s e l e c t i o n  was 

made of  t h e  wing l c a d i n g  and r o t o r  d iameter  corresponding 

t o  minimum d i r e c t  o p e r a t i n g  c o s t .  Obviously, on t h e  

graphs shown, F igure  A3 f o r  example, t h e r e  i s  no mathe- 

m a t i c a l  minimum of o p e r a t i n g  c o s t .  There a r e ,  however, 

p r a c t i c a l  c o n s t r a i n t s  t h a t  p l a c e  a lower bound o r  l i m i t  on 

t h e  c o s t .  The l i m i t i n g  f a c t c ~ r s  i n  t h i s  c a s e  was imposed 

by p r a c t i c a l  des ign  considerat!ons.  A maximum wing loading 



32 X l o 6  

GROSS 
WEIGHT 

30 

Kg 

28 

22 x 1 0 3  

EMPTY 20 
WEIGHT 

Kg 

1 8  

16 

1985 1 G O  PASSENGER STOL TILT ROTOR AIRCRAFT 

72 X l o 3  

68 

LBS 
6 4  

60 

ASPECT RATIO = 7 . 1 4  
ROTOR SOLIDITY = 0 . 0 9  
ROTOR TIYSPXED = 775 FTiSEC @ T I @ .  
STATIC THRUS?/WEIGHT = 3.6  

LOADING 

44 

LBS 

40  

FIGURE A-1. VARIATION OF GROSS WEIGHT AND EMPTY WEIGHT WITH 
WING LOADING AND ROTOR DT.WlTER (T/W = 0 . 8 ) .  

A3 



D2.'~0-10873--1 

1985 100 PASSENGER STOL TILT ROTOR AIRCRAF'f 

ASPECT RATIO = 7.14 
ROTOR SOLIDITY = 0.09 
ROTOR TIPSPEED = 775 FTjSEC @ T.O. 
STATIC THRUST/WEIGHT = 0.8 

INSTALLED 
POWER 

7 
WATTS 

12 x lo3 

lo 

HORSE- 
POWER 

8 

6 

WING 
LOADING 

. - .  . 

. , 

WING 
.20 -- LOADING I 

- .  r -PSE 
ROTOR 
DlAMETER 

FIGURE A-2. VARIATION OF INSTALLED POWER AND ROTOR LOADING 
WITH WING LOADING AND ROTOR DIAMETER (T/W = 0.8). 

k/r 



WING 

1985 1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

ASPECT HAT10 = 7.14 
ROTOR SOLIDITY P 0 . 0 9  
ROTOR TIPSPEED = 775 FT/SEC @ T.O. 
STATIC THRUST/WEIGHT = 0 . 8  

2.0, 
t 

CENTS/ 
SCAT - KXII 

1.6 

DIRECT OPERATING COST 

FIGURE A-3.  VARIATION OF MAXIMUM CRUISE SPEED AND DIRECT 
OPERATING COST WITH WING LOBDING AND ROTOR 
DIAMETFR (T/W = 0 . 8 )  . 



36 
GiWES 
WEIGHT 

Kg 

26 X l o 3  

EMPTY 24 
WE IGiiT 

Kg 

22 

20 

D210-10873-1 

1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

ASPECT RATIO ,= j ,14 
ROTOR SOLIDITY = 0.09 
ROTOR TIPSPEED = 775 F'J/SEC @ T.0, 
STATIC THRUST/WEIGHT= 0.95 

86 X lo3 

82 

78 

LBS 

74 

70 

I 

I 
I - t - - 

WING 
i 

RCTOR 1 

. .- .A . - 

- -  7-- -- . 
! 

! LOADING 

58 X 10' 

54 

LBS 

50 

46 

42- 

FIGURE A-4. VARIATION OF GROSS WEIGHT AND EMJTY WEIGHT WITH 
WING LOADING AND ROTOR DIAMETEB (T/W = 0.95). 

- 

--- 

- 

-- 



4 24  x 106 
INS3*ALLED 
POWER 

.'% WATTS 

1985 100 PASb3NGER STOL TTL'S ROTOR AIRCRAFT 

ASPECT RATIO = 7 . 1 4  
ROTOR SOLlDIm = 0 .09  
ROTOR TIPSPEED = 775 FT/SEC @ T.0, 
STATIC THRUST/WEXGHT = 0.95 

HORSE- 
POWER 

FIGURE A-5,  

VALUE = 3.15 

VARIATION OF INSTALLED POWER A&D rtOTOR LOADING 
WITH WING LOADING AND ROTOR DIAMETER (T/W := 0 . 9 5 )  . 

A7 



1985 1 0 0  PASSENGER STOL TILT ROTOR AIRCP- 

ASPECT RATIO = 7.14 
RC'TOR SOLIDITY = 0.09 
ROTOR TIPSPEED = 775 FT/SEC @ T.O. 
STATIC THRUSTmIGHT = 0.95 

WING 
v ~ ~ p  @ 14,000 FT/4,267 m LOADING 

-PSF 

DIRECT OPERATING COST 

380 
AIRSPEED 

KNOTS 

340 

300 

260 

1 . 8 7  
2.80 . . 

ROTOR 
D~XETER- -40 

LOADING -FT 
1.6. , -PSF 

CENTS/ 
SEAT - Km CENTS/ 

1 e 4 .  SEAT - ML 
I 
! 

2.00 I .1 ~ - . .J 

1 .2  

- -  

.-. .. .- 

FIGURE A-6. VARIATION OF MAXIMUM CRUISE SPEED AND DIRECT 
.. i. C 

OPERATING COST WITH WING LOADING AND ROTOR DIAMETER 
(T/W = 0 .95) .  

(- 
," 

-. - A8 p" 



3 5 

EMPTY WE 

1 9 8 5  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

x 1 0 3 -  

3 0  - 
IGHT 

Kg 

2 5 .  

2 0  

ASPECT RATIO = 7 . 1 4  
ROTOR SOLIDITY = 0 . 0 9  
ROTOR TIPSPEED = 7 7 5  FT/SEC @ T . 0 .  
STATIC THRUST/WEIGHT'~ = 1.0 5 

* 

I 1 6 0  4 0  : 

WING A !  100 x 103 

90 

LBS 

8 0  

70 

6 0  

FIGURE A - 7 .  VARIATION OF GROSS WEIGHT AND EMPTY WEIGHT WITH 
WING LOADING AND ROTOR DIAMETER (T/W = 1 . 0 5 ) .  

- -  

-- 

- 

- 



1 9 8 5  1.00 PASSENGER STOL TILT ROTOR AIRCRAFT 

ASPECT RATIO = 7 . 1 4  
ROTOR SOLIDITY = 0 . 0 9  
ROTOR TIPSPEED = 7 7 5  FT/SEC @ T.O. 
STATIC THRUST/WEIGHT = 1 . 0 5  

WING 

- .. . i . . -  8 .  

5 0  X l o 3  

4 0  

HORSE- 
POWER 

3 0  

2 0  

1 0  

INSTALLED 
POWER 30  

WATTS 

20  

1 0  

, . FIGURE A-8 .  VARIATION OF INSTALLED POWER AND ROTOR LOADING 
, . WITH WING L9ADING AND ROTOR DIAMETER (T/W = 1 . 0 5 ) .  



AIRSPEED 

D 2 1 0 - 1 0 8 7 3 - 1  

1 9 8 5  1 0 0  PASSENGER STOL T I L T  ROTOR AIRCRAFT 

ASPECT RATIO = 7 . 1 4  
ROTOR SOLISITY = 0 . 0 9  
ROTOR TIPSPEED = 7 7 5  ET/SEC @ T . O .  
STATIC THFUST/WEIGHT = 1 . 0 5  

VNRp@14 ,000  FT/ '4 ,267  m WING 
LOADING 

i 

DIRECT OPERATING COST 

FIGURE A - 9 .  VARIATION OF :-%iiMUM CRL'ISE SPEED AND DIRECT 
OPERATEX COST WITH WING LOADING AND ROTOR 
DI?&IETER (T/W = 1 . 0 5 )  . 

A l l  



D210-10873-1 

of 100 pounds p e r  s q u a r e  f o o t  h a s  been s p e c i f i e d  f o r  

s e v e r a l  r e a s o m .  F i r s t ,  h i g k e i  v a l u e s  of wing l o a d i n g  l e a d  

t o  an unacceptab ly  l a r g e  s t a l l  speed  (and ,  t h e r e f o r e ,  t o o  

h i g h  a  speed  a t  t h e  end o f  t r a n s i t i o n  w i t h o u t  f l a p s ) .  For  

a maximum l i f t  c o e f f i c i e n t  of  1 .31  an end o f  t r a n s i t i o n  

speed of 180 k n o t s  a l l o w s  a 2C p e r c e n t  margin above s t a l l  

speed.  O the r  f a c t o r s  a d v e r s e l y  a f f e c t e d  by h i g h  wing 

l o a d i n g  a r e  t h e  t a k e o f f  and .anding performance and t h e  

weight  of  t h e  wing s t r u c t u r e .  

Trle o t h e r  l i m i t i n g  f a c t o r  a t  t h i s  s t a g e  o f  t h e  s e l e c t i o n  

p r o c e s s  was a  v a l u e  of  b l a d e  l o a d i n g ,  CT/a of  0.15. T h i s  

was an e s t i m a t e d  p r a c t i c a l  l i m i t  based  on t h e  l o a d i n g  

c a l c u l a t i o n s  c a r r i e d  o u t  i n  Reference  1. 

The d i r e c t  o p e r a t i n g  c o s t  ninima (which a l l  c o i n c i d e d  w i t h  

t h e  wing l o a d i n g  l i m i t )  and t h e  co r r e spond ing  r o t o r  d i a m e t e r s  

were t h e n  p l o t t e d  a s  a  f u n c t i o n  of s t a t i c  t h r u s t  t o  w e i c h t  

r a t i o ,  F i g u r e  A 1 0 .  The s t a t i c  t h r u s t  t o  weight  r a t io  was 

t h e n  s e l e c t e d  t o  cor respond w i t h  r h e  minimum d i r e c t  o p e r a t -  

i n g  c o s t  and t h e  co r r e spond ing  r o t o r  d i ame te r  was r e a d  o f f  

a t  t h e  same t h r u s t  t o  we igh t .  The maximum wing l o a d i n g  and 

t h e  optimum v a l u e s  o r  r o t c i -  d i a m e t e r  and t h r u s t  t o  weight  

r a t i o  were r e t a i n e d  i n  subsequen t  t r a d e o f f s .  

A t  t h i s  s t a g e  a  p r e l i m i n a r y  check of  t h e  t a k e o f f  and l a n d i n g  

performance was made f o r  t h e  a i r ~ r a f t  d e f i n e d  by t h e  para-  

me te r s  s e l e c t e d .  The r e s u l t s  i n d i c a t e d  t h a t  tl-.e t a k e o f f  

performance was marg ina l  i n  t h a t  f i e l d  l e n g t h s  o f  s l i g h t l y  

A12 
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g r e a t e r  t h a n  t h e  r e q u i r e d  2,000 f e e t  were r e q u i r e d .  How- 

e v e r ,  t h e  p r o c e s s  of o p t i m i z i n g  t h e  a i r c r a f t  p a r a m e t e r s  had 

n o t  been completed and d e t a i l  geometry re16,ed t o  t h e  ta%.e- 

o f f  c o n f i g u r a t i o r .  had n o t  been d e f i n e d ,  so a  c o n s i d e r a b l e  

improvement i n  t a k e o f f  performznce cou ld  be e x p e c t e d ,  Con- 

s e q u e n t l y ,  t h e  optimum v a l u e s  of d i a m e t e r ,  wing l o a d i n g  

- and s t a t i c  t h r u s t  t o  we igh t  r a t i o  were r e t a i n e d  f o r  t h e  

nex t  i t e r a t i o n  i n  s e l e c t i o n  of  t h e  optimum a i r c r a f t .  

The second p a r t  o f  t h e  d e s i g n  s e l e c t j o n  process invol i red t h e  

i s o l a t i o n  o f  t h e  b e s t  combina t ion  of  r o t o r  s o l i d i t y ,  t a k e -  

o f f  t i p s p e e d  and wing a s p e c t  r a t i o .  The r e s u l t - s  of Li:i s 

p a r a m e t r i c  s t u d y  a r e  p l o t t e d , i n  F i g u r e s  A l l  t h rough  A22, in  

c a r p e t  form. A l l  i m p o r t a n t  d e s i g n  v a r i a b l e s  a r e  p1c' : ted 

a s  a  f u n c t i o n  of  wing a s p e c t  r a t i o  and r o t o r  t i p s p e e d  a t  a  

f i x e d  v a l u e  o f  r o t o r  s o l i d i t y .  From t h e  g r ? , h s  o f  d i r e c t  

o p e r a t i n g  c o s t  t h e  a s p e c t  r a t i o  and t i p s p e e d  c ~ r r e s p o c d i n g  

t o  minimum d i r e c t  o p e r a t i n g  cost were s e l e c t e d .  I n  each  

c a s e  t h e  minimum c o s t  c o r r e s p o n 2 ~ a  t o  an a s p e c t  r a t i o  o f  

9 .  Va lae s  o f  a s p e c t  r a t i o  g r e a t e r  t h a n  n i n e  were n o t  

cons ide red  f o r  a  number of  r ea sons .  Although no c a l c u -  

l a t i o n s  were made a t  t h e  t i m e ,  e n g i n e e r i n g  judgement based  
) 

on p r e v i o u s  e x p e r i e n c e  i n d i c a t e d  t h a t  h i g h e r  v a l u e s  of  

a s p e c t  r a t i o  would r e s u l t  i n  t o o  s m a i l  ,I v a l u e  o f  wing 

chord .  The r e s u l t  o f  t h i s  would be t h a t  t h e  wing box 

s t r u c t u r e  would be v e r y  s m a l l  and ,  i n  o r d e r  t o  r e t a i n  

s u f f i c i e n t  s t a t i c  s t r e n q t h  i n  t h e  wing s t r u c t u r e  and t o  
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RATIO AND TAKEOFE' TIPSPEED (a = 0.09). 
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAFT 

ROT01 
WING 
STAT 1 
ROT01 

FT/4,2( 
360 

DIAMETER = 44.4 FT/13.53 m 
X)ADING = 100 PSF/468 ~ ~ / r n ~  
: THRUST/WEIGHT = 0.08 
SOLIDITY = 6.09  

- FPS 
DIRECT OPERATING 

COST 
2.50 

2.40 

CENTS/ 
SEAT-ML 

2.30 

2.20 

I TIPSPEED 
I 

900 1 - FPS i 

FIGURE A-16. VARIATION OF MAXIMUM CRUISE SPEED AND DIRECT OPERATING 
COST WITH ASPECT RATIO AND TAKEOFF TIPSPEED (a = 0.09). 



a' 
1985 10P PASSENGER STOL-TILT ROTOR AIRCRAFT 

(3 ROTOR D I M T E R  = 44.4 F~/13.53 m 
WING LOA3ING = 100 PSF/488 
STATIC THRUST/WEIGIIT = 0.88 
ROTOR SOLIDITY = 0.105 

k 
f 

GROSS WEIMP 

65 X lo3 

LBS 
64 

63 

EMPTY WEIGHT 

48 X lo3 

LBS 

4 4  

40 

1 TAKEOFF 

I FIGURE A-1.7. VARIATION OF GROSS WEIGHT AND EMPTY WIGHT WITH 
ASPECT RATIO AND TAKEOFF TIPSPEED (a = 0.105). 
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1985 100 PASSENGER STOL TILT ROTOR AIRCRAF'T 

ROTOR DIAMETER = 44.4 FT/13.53 m 
WiNG LOADING = 100 PSF/488 
STATIC THRUST/WEIGHT = 0.88 
ROTOR SOLIDITY = 0.105 

INSTALLED 
POWER 

8 X lo6 

WATTS 

7 

6 

TIPSPEED - FPS 

FIGURE A-18. VARIATION OF INSTALLED POWER AND ROTOR LOADING WITH' 
ASPECT RATIO AND TAKEOFF TIPSPEED (a = 0.105). 
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1985  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

ROTOR DIAMETER = 4'4.4 FT/1,353 m 
WING WADING = 100  PSF/488 Kg/m 
STATIC THRUST/WE IGHT = 0.8  8 
ROTOR SOLIDITY = 0.105 

300 

KNOTS 

260 

220 

DIRECT OPERATING 

2.60 

2.50 

CENTS/ 
SEAT-ML 

2.40 

2.30 

2.20 

TAKEOFF 
TIPSPEED 

TIPSPEED i 900 ! ! 

FIGURE A-19. VARIATION OF MAXIMUM CRUISE SPEED AND DIRECT OPERATING 
COST WITH ASPECT RATIO AND TAKEOFF TIPEPEED (u = 0 .105) .  : . + . 

. I 

i 23  , ,- 



D210-10873-1 
1985 I00 PASSENGER STOL TILT ROTOR AIRCRAFT 
ROTOR DIAMETER = 44.4 ~~/13.53 m 
WING LOADING = 100 PSF/488 K~/& 
STATIC TIIRUST/WEfGHT = 0.88 
ROTOR SOLIDITY = 0.12 

GROSS WEIGHT 

EMPTY WEIGHT 

FIGURE A-20. VARIATION OF GROSS WEIGHT AND EMPTY WEIGHT WITH ASPECT 
RATIO AND TAKEOFF TIPSPEED (a = 0.12) . 
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1985 100 PASSENGER STOL TILT ROTOR AIRCWT 

ROTOR DIAMETER = 44.4 FT/13.53 m 
WING LOADING = 100 PSF/488 Xg/m 
STATIC THRUST/WEIGHT = 0.88 
ROTOR SOLIDITY = 0.12 

INSTALLED 
POWER 

9.6 X l o 3  

9.2 

HORSE- 
POWER 

8.8 

8.4 

WATTS 

6.6 

6 . 2  
--TIPSPEED 

I I I J 

- FPS 

6 7-14  8 9 650 I 
TAKEOFF 
TIPSPEED 

- 

FIGURE A-21. VARIATION OF INSTALLED POWER AND ROTOR LOADING WITH 
{ ASPECT RATIO AND TAKEOFF TIPSPEED (a = 0.12) . 5 
--w 

A2 5 ! 
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1 9 8 5  1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 

ROTOR DIAMETER - 44.4 FT/13.53 m 
WING XADING = 100 PSF/488 Kg/m 
STATIC THRUST/WEIGHT = 0 . 8 8  
ROTOR SOLIDITY = 0 . 0 9  

V N R ~  AT 1 4 , 0 0 0  FT/4,267 m TAKEOFF 
TIPSPEED ' - FPS 

2 8 0  

: KNOTS 

2 4 0  

FIGURE A-22. VARIATION OF MAXIMUM CRUISE SPEED AND DIRECT OPERATING 
COST WITH ASPECT RATIO AND TAKEOFF TIPSPEED (a - 0 . 1 2 ) .  



avoid a e r o e l a s t i c  i n s t a b i l i t i e s  a s s o c i a t e d  w i t h  wing 

t o r s i o n  and bending, weight p e n a l t i e s  would become excess ive .  
9 

The d i r e c t  o p e r a t i n g  cost and t h e  a p p r o p r i a t e  t i p s p e e d s  +i' :+ 

were then p l o t t e d  ve r sus  r o t o r  s o l i d i t y ,  F igure  A23, and t h e  

minimum of  t h i s  l i n e  was i d e n t i f i e d .  Thus t h e  a s p e c t  

r a t i o ,  r o t o r  t i p s p e e d  and r o t o r  s o l i d i t y  were s e l e c t e d .  

The r o t o r  performance d a t a  used dur ing  t h e  pa ramet r i c  

s t u d i e s  w a s  based on t h a t  of t h e  r o t o r  of  t h e  b a s e l i n e  

VTOL tilt r o t o r  desc r ibed  i n  Reference 1. The d a t a  were 

adapted f o r  t h e  second pa ramet r i c  s tudy  by s c a l i n g  

according t o  r o t o r  s o l i d i t y .  

Having de f inzd  t h e  r o t o r  s o l i d i t y ,  t h e  r o t o r  d e s i g n  w a s  

r e f i n e d  by i n v e s t i g d t i n g  t h e  e f f e c t  o f  changing t h e  t w i s t  

of t h e  b lades .  The t w i s t  was set s o  t h a t  t h e  b lades  were 

n o t  s t a l l e d  a t  s t a t i o n s  outboard of 1 0  p e r c e n t  o f  t h e  b lade  

r a d i u s  when producing maxi~um s t a t i c  t h r u s t  a t  t h e  s t a r t  

of t h e  takeoff  run. The r e s u l t i n g  b lade  geometry i s  shown 

i n  Ficjure 3.45 i n  S e c t i o n  3.4 of t h i s  r e p o r t .  
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1985 100 PASSENGEA STOL TILT ROTOR AIRCRAFT 

WING LOADING = 100 P S F  
ROTOR DIAMETER = 44.4 F T  

ROTOR T I P  STATIC THRUST/WEIGHT = 0.88 

SPEED AT T.O. 

9CO 

F P S  

80CL 

700 

600 
DIRECT OPERATING 

COST 

I *  J 

CENTS 
SEAT Km 

2.40 

%NTS 
SEAT ML 

2.30 

2.20 

2.10 

ROTOR TIPSPEED FOR 
MINIMUM DOC = 800 FPS 

I I MINIMUM SOLIDITY 

7 -08 .09 .10 .11 .12 

ROTOR SOLIDITY 

FIGURE A - 2 3 .  DESIGN POINT SELECTION. VARIATION OF ROTOR 
T I P S P E E D  AND MINIMUM DIRECT OPERATING COST 
WITH ROTOR SOLIDITY.  



APPENDIX B 

COSTING METHOD 

FLYAWAY COSTS 

THE AIRFRAME COSTS WERE CALCULATED USING FACTORS OF $ 9 0 . 0 0  

AND $ 1 1 0 . 0 0  PER POUND OF AIRFRAME. THE AIRFRAME WEIGHT WAS 

ARRIVED AT AS FOLLOWS: 

AIRFRAME WEIGHT = WEIGHT EMPTY - (WR + WDS + WEN + WAv) 

WHERE : 

WR = WEIGHT OF ROTORE 

WDS = WEIGHT OF DRIVE SYSTEM 

WEN = WEIGHT C -7 ENGINES 

WAV = WEIGHT dF AVIONICS 

I N  THE EQUATIONS USED FOR CALCULATING AIRFRAME MAINTENANCE 

LABOR COSTS, WHICH USE AIRFRAME WEIGHT, THE WEIGHT OF 

AVIONICS WAS INCLUDED I N  THE AIRFRRME S I N C E  THE A I A  METHOD 

DOES NOT MAKE PROVISION FOR CALCULATING AVIONICS MAINTENANCE 

COST AS  A SEPARATE ITEM. 

OTHER MAJOR SYSTEMS COSTS WERE CALCULATED AS SHOWN BELOW: 

COST O F  DYNAMIC SYSTE!  = $f:O.OO (WDR + WR) 

COST OF ALL ENGINES = E ( S 2 8 0  S H P * ~ * ~ )  
N 

WHERE : 

EN = NUMBER OF ENGINE!; 

HP = STATIC  SHP AT SL,'STD FOR ONE ENGINE 

COST O F  AVIONICS = $ 2 5 0 , 0 0 0 . 0 0  



D 2 1 0 - 1 0 8 7 3 - 1  
OPERATING COSTS 

DIRECT G'*RATlNG COSTS WERE DEVELOPED USING THE AEROSPACE 

INDUSTRIES ASSOCIATION'S (AIA)  "STANDARD METHOD OF 

ESTIMATING DIRECT OF ATING COSTS OF TURBINE POWERED VTOL 

TRANSPORT AIRCRAFT'' DATED 1 9 6 8 ,  MODIFIED AS DIRECTED BY 

NASA, AS  FOLLOWS: 

C-W COSTS 

$/FH = , 0 6 7  (GROSS WEIGHT/1000) + 134 

ENGINE MAINTENANCE COSTS 

LABOR $/,FH = 0 . 6 5  (AIA COSTS) 

MATERIAL $/FH = 0 . 6 5  (AIA COSTS) 

MAINTENANCE BURDEN 

$/FH = 1.5 (DLAF + DLEN + DLDS) 

WHERE : 

DLkF = DIRECT LABOR COSTS FOR AIRFRAME MAINTENANCE 

D L ~ ~  = DIRECT LAB02 COSTS FOR ENGINE MAINTENANCE 

DLDS = DIRECT LABOR COSTS FOR DYNAMIC SYSTEM 

MAINTENANCE 

TABLE B 1  L I S T S  FACTORS USED I N  CALCULATING THE DIRECT 

OPERATING COSTS. 



FACTOR 

- 
FUEL I 
O I L  

NONREVENUE FACTOR 

LABOR RATE - I 
ENGINE TBO I 
DYNAMIC SYSTEM TBO 

DEPRECIATION PERIOD 

SPARES 

AIRFRAME 

ENGINES I 
DYNAMIC SYSTEM 1 

UTILIZATION 

INSURANCE RATE 

AIRWAYS DISTANCE FACT0 

UNITS 

S/LB 

$/LB 

% 

S/HR 

HRS 

HRS 

YRS 

VALUE SOURCE 

NASA 

NASA 

A I A  

NASA 

NASA 

NASA 

NASA 

A I A  

A I A  

A 1  A 

NASA 

NASA 

NASA 

TABLE B1. COMPONENTS OF DIRECT OPERATING COST. 



APPENDIX C 

WEIGHTS 

The weight of this configuration is summarized in Table C1. 

Weight trade studies leading to the selection of this config- 

uration was accomplished using the computerized weight pre- 

diction program. VASCOMP sized and weighed the tilt rotor 

configurations. This sizing program includes a weights 

subroutine which automatically computes subsystem weight 

changes resulting from variations in the configuration size, 

flight envelope, payload, etc. They prrt6de a consistent 

method for rapidly estimating the aircraft's operational 

weight empty and gross weight. The program divides the weight 

empty into three groups: propulsion, structures and flight con- 

trols. Weight trends are programmed for each group which 

compute their respective weights. These are then combined 

with weight input values of fixed useful load, fixed 

equipment and payload to determine the weight of the fuel 

available for a given gross weight and payload. The weight 

input values are determined from specific mission requirements 

and/or specified equipnent lists. A flow chart for the 

weight trend subroutine is shown in Figure C1. 

The weight trends were developed at Vertol from statistical 

and semianalytical dzta of existing aircraft. They combine 

geometric, design and structural parari,ater-s into an accurate 

weight prediction tool. Examples of the weight trends for 



... 
BOEING VERTOL COMPANY 

r 
WEIGHT SUMMARY - PRELIMINARY DESIGN 0210-1087 3-1 

'MI L - S T 0 - ! 3 7 4 1  

BASIC I 

ENGINE SECTiON 1 288.9 

I CONTROLS * 1 
I STARTING * I 

P R O P E L L E R  INST'L  

D R I V E  

A?IX. POWER P L A N T  

E L E C T R I C A L  GROUP 

A G M A M E N T  GROUP 1 1773.6 
F L R ~ .  B EQUIP. GROUP 1 3273.3-- I 

ACCOM. FOR PERSON. I- *ISC. EOUIPMENT +- 
I FLRNISHINGS I -- 

EMERG. EQUIPMENT I 
A I R  CONDITIONING 1 612.3 
ANTI - IC ING GROUP 254.0 
L O A D  AND HANDLING GP. I 

WEIGHT EMPTY 20431.0 

T R A P P E D  L lGJlDS 

- 
FUEL 1553.5 

CROSS WEIGHT 31067.7 
4 I L 

CORM 20391 12 731 TABLE C-1. STOL TILT ROTQR~WEIGHT SUMMARY. cz 
b 
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1985 100 PASSENGER STOL T I L T  ROTOR AIRCRAFT 

PROPULSION 

STRUC 'URES 

WEIGIiTS 

FLIGHT 
CONTROLS 

WEIGHTS 

FIGURE C - 1 .  WEIGHT TRENDS St. 3ROUTINF, FLOW CHART. 
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the  major weight are presented i n  Figures  C2 through 
I 

C8. 

The t rends  include s u f f i c i e n t  design paramteres to account 

-for t h e  major design f ea tu re s  assoc ia ted  wi th  each of t h e  

study configuratianls. I n  o rder  t o  provide comparisons of 

t h e  design p c i n t s  wi th  t he  statistical data 'he assumptions 

f o r  weight reductioh due to  advanced composite materials 

have been removed i n  Figures C2 through C8. 

The f l i g h t  con t ro l  t rend ,  f o r  example, is divided i n t o  s i x  

groups, which ensures t h a t  a weight allowance i s  included 

f o r  a l l  t h e  major con t ro l  items and s p e c i a l  fea tures .  It 

includes : 

o Cockpit con t ro l s  

o Rotor con t ro l s  

o Fixed-wing con t ro l s  ( includes  type and number o f  

con t ro l  su r f aces )  

o Systems and hydraul ics  

o T i l t  mechanism (includes t i l t i n g  nace l l e  or wing 

mgchani s m )  

o SAS and mixing ( i n t e q r a t e s  a i rp l ane  and he l i cop te r  

con t ro l s ) .  

The r o t o r  group weight t rends ,  Figures C2 and C3, include 

parameters which considers nmber  of r o t o r s  and blades ,  type 
t .  

of system ( r i g i d ,  a r t i c u l a t e d ,  t ee t e r ing ,  etc.) t ipspeed,  

etc. 
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Weight t r e n d s  shown i n  F igure  .'14 were used to p r e d i c t  t h e  

weight  of c o n f i g u r a t i o n s  des igned around air~1c;:e type 

f u s e l a g e  s t r u c t u r e  as i n  t h e  case o f  t h e  tilt ro-or a i r c r a f t .  1 

Drive system weight  is detennined by mul t ip ly inq  t h e  c o n s t a n t  

(K) by a s imple to rque  express ion  as i n d i c a t e d  by t h e  o v e r a l l  

d r i v e  system weight  t r e n d  s h h m  i n  F igure  C5. Determinat ion 

of t h e  c o n s t a n t  is t h e  end r e s u l t  o f  a d e t z i i l e t  box-by-box 

a n a l y s i s  of  t h e  d r i v e  system c o n f i g u r a t i o n .  The semi- 

a n a l y t i c a l  method c a l c u l a t e s  t h e  weight  o f  each g e a r  set. 

It inc ludes  t h e  e f f e c t s  ui Hertz stress, g e a r  ratio,  

bear ing  suppor t ,  number o f  g e a r s  i n  a s t a g e ,  and e x t e r n a l  or 

s t r u c t u r a l  suppor ts .  The d r i v e  s h a f t i n g  weight  is determined 

independent of  t h e  box weight  and i n c l u d e s  parameters  which 

cons ide r  t h e  number of  s h a f t  s e c t i o n s  and t r a n s m i t t e d  to rque .  

Wing and t a i l  weight t r e n d s  a r e   show^ i n  F i g u r e s  C6 t o  C8. 

The t r e n d  c o n s t a n t s  "K" a r e  primary i n p u t s  t o  t h e  computer 

programs. S e l e c t i o n  of t h e  o n s t a n t s  depend on t h e  type  

of a i r c r a f t  being conf igured  - h e l i c o p t e r ,  compound, tilt 

r o t o r ,  etc., material, and l e v e l  of  technology.  P e c n l i a r  

des ign  loads  and s t i f f n e s s  r ~ q u i r e m e n t s  and s p e c i a l  des ign  

f e a t u r e s  such a s  f o l d i n g  r o t 3 r  b l a d e s ,  t i l t i n g  n a c e l l e s ,  

shrouded t a i l  f a n s ,  etc. a r e  s t u d i e d  i n d i v i d u a l l y  and 

b p u t e d  a s  a v a r i a t i o n  of  t h e  cons'ant c r  inc luded  a s  3 

d i r e c t  weight i n p u t  i n  t h e  incrementa l  group weight  s e c t i o n  

of t h e  VASCOMP weights  inpu t  form. 
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The detailed design of the Model 222 Tilt Rotor Research 

Aircraft provide the data bank us2d for selecting the 

weight constants. In order to show substantiation of i 

these  weight^, the tilt rotor configuration was evaluated, i 
f 
f 

using refined prediction methods and parameters. These - 

substantiating calculations are. included on Pages C29 

through C40.  

The computerized weight prediction programs were based on 

the assumptions discussed below. 

Limit Load Factor 

The limit load factors at mission gross weights are: 

Tilt rotor, 2.5 from FkQ, Part 25. 

L.L.F. = 2.1 + 24,000 
W + 10,000 

"L.L.F. SHALL BF NO LOWZR THAN 2.5, BUT NEED 

NOT BE HIGHER THAN 3.8". 

W = MAXIMUM DESIGN GROSS WEIGHT 

Advance Materials for 1985 O?erational Time Period 

From the Study Guidelines, Paragraph 4.5, the following is 

quoted;l1The Contractor shall assume that the airframe structural 

weight will be reduced aproximately 25% by the use of 

composite materials". Eoeinlg Vtlrt.01 has chosen to distribute 

this weight as follows: 
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REDUCT ION ( % 

WING 30.2 

TAIL 30.2 

BODY 30.2 

LANDING GEAR 0 

ESG INE SECTION 30.2 - 

EQUIVALENT TOTAL 2 5 . 0  

Wi nq 

The wing weight of the tilt rotor was base? on that of the 

Boeing Vertol Model 222 tilt rotor aircraft. This wing was 

designed by Grumman Aircraft Company under direction of 

Boeing Vertol and the weights calculated in detail. Adjust- 

ments have been made for advanced materials. A comparisofi 

of the design point wing weight, with no composite material 

asswptions, with the weight trend curves is shown in 

Figure C6. 

Rotor 

The rotor has titanium hubs m d  root end fittings and fiber- 

glass blades. The Model 222 rotor is used as a basis for the 

tilt rotor with adjustments made for titanium hub and root 

end fittings in lieu of steel. 

Tail Surfaces 

Tail surface weights were based on trends usiqg statistical 

data from similar aircraft. Adjustments have been made for 

advanced materials. 
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BoCy 

Weights o f  t h e  b o d i e s  were based  on t r e n d s  u s i n g  s t a t i s t i c a l  

d a t a  o f  o t h e r  a i r c r a f t .  Adjustments  have been made f o r  

sdvanced m a t e r i a l s .  The body i s  p r e s s u r i z e d  f o r  5,000 f e e t  

a t  14,000 f e e t .  

A l i g h t i n g  Gear 

The a l i g h t i n g  g e a r  i s  r e t r a c t a b l e ,  des igned  f o r  a  s i n k  speed  

of  5  f e e t  p e r  second. A v a l u e  of 4 %  g r o s s  we igh t  h a s  been 

s e l e c t e d .  

Enuine S e c t i o n  

The eng ine  s e c t i o n  was based  on t h a t  o i  t h e  Model 222, 6% 

of  t h e  e n g i n e  weight  and  h a s  been a d j u s t e d  f o r  t h e  use of  

advanced m a t e r i a l s .  

Engines 

The eng ine  we igh t s  were based  on r u b b e r i z e d  LTC-4V-1 e n g i n e s  

a t  0.1575 pounds p e r  horsepower.  

Engine I n s t a l l a t i o n  

Engine i n s t a l l a t i o n  c o n s i s t s  of  e x h a u s t  sys t ems ,  p r o p e l l e r  

s p i n n e r s ,  e n g i n e  c o n t r o l s ,  s t a r t i n g  sys tem,  and e n g i n e  

l u L c i c a t i o n  system. The i n p u t  v a l u e s  f o r  t h e  computers  a r e  

i n  terms of e n g i n e  we igh t ,  31% of t h e  e n g i n e  we igh t  based  

on Model 222. 

F u e l  System 

The f u e l  system w c i g h t s  f o r  the tilt r o t o r  were based  on  t h e  

Boeing 737-200. Tanks a r e  i n  t h e  wins .  

Weight i n p u t s  i n  t h e  computer a r e  i n  t h e  form o f  pounds per 

pound of  f u e l .  
- 1  C 
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Drive System 

The tilt rotor d r i v e  system weights  were based 0-1 t h a t  of  

t h e  Ver to l  Model 222. 

F l i g h t  Contro ls  

The f l i g h t  c o n t r o l  weights  were based on  V e r t o l  Model 222, 

and were reduced f o r  fly-by-wire systems. The r e d u c t i o n s  

a s  app l i ed  t o  t h e s e  systems a r e :  

Cockpit  29% 

Rotor Upper Cont ro l s  0 

Rotor System Contro Ls 20% e 
Airplane  Type C o n t r ~ l s  20% 

SAS 0 

POD T i l t i n g  Mechanism 1 3  % 

Fixed Equipment 

The f i x e d  equipment weights  were based p r i m a r i i y  on  t h e  Boeing 

737-200 a d j u s t e d  i n  sow a r e m  f o r  weights  quoted i n  t h e  "Study 

Guidelines'. Table C2 summarizes those  used i n  t h e s e  s t u d i e s .  

APU Instruments , E l e c t r o n i c s  and E l e c t r i c a l  

Paragraph 4.9 of t h e  "Study ;uidel inesl '  quo tes  of weight  of 

1,200 pounds f o r  t h e s e  i t e m s ,  no t  inc lud ing  e l e c t r i c a l  

genera t ion .  I n  comparing t h i s  t o  t h e  Boeing 737-200, Boeing 

Vertol has  assumed t h a t  t h i s  1,200 pounds i s  an u n i n s t a l l e d  

weight. 
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BOEING 737-200 TOTAL EQUIPMENT INSTALLATION 

INSTRUMENTS 5 5 ~  :23 229 

ELECTRONICS 846 . 280 566 

ELECTRICAL 712 712 --- 
TOTALS 2,940 1,623 1,317 

Using t h e  above, it can be determined t h a t  t h e  i n s t a l l a t i o n  

weight i s  81% of t h e  u n i n s t a l l e d  weight.  

By applying t h i s  f a c t o r  t o  t h e  1,200 pounds, t h e  i n s t a l l a t i o n  

weight is 972 pounds. Th i s  m d  t h e  electrical s e n e r a t i o n  

weights  a r e  shown s e p a r a t e l y  i n  Table C2. 

A growth f a c t o r  (assuming co: ls tant  performance and s t r e n g t h )  

has  been e s t a b l i s h e d  a t  2.1. The curve  i n  F igure  3.22 ( i n  

Sect ion  3.2 o f  t h i s  r e p o r t )  :shows t h e  weight growth e f f e c t  

of this a i r c r a f t .  If  t h e  972 pounds of i n s t a l l a t i o n  weight  

were n o t  inc luded t h e  g r o s s  v e i g h t  would dec rease  from 

68,493 pounds t o  66,452 pounds, 

Hydraulics and Pneumatics 

The hydrau l i c s  and pneumatic; weights  were e s t a b l i s h e d  a s  680 

pounds based on t h e  Boeing 737-200. 

Furnishings and Equipment 

Furnishings and equipment c o l s i s t  of F l i g h t  Deck Accommodat.ions, 

Passenger Accommodations, Cargo Accommodations and Emergency 

C18 



D2i0-10873- 1 

Equipment, and are l i s t e d  i n  Tables C3 through C6. They 

a r e  based p r imar i ly  on those  of  t h e  Boeing 737-200, a c i j s t e d  

i n  c e r t a i n  a r e a s  t o  agree  wi:h weights quoted i n  t h e  "Study 

Guidelines". 

A i r  Conditioning 

The a i r  cond i t ion ing  system, inc lud ing  p r e s s u r i z a t i o n  is 

based on 13.5 pounds perpassemqer. 

Anti-Icing 

Anti- icing weights  are based on: 

737-200 = 0.25% G r  >ss Weight 

CH-46 = 0.50% G r x s  Weight 

0.75% 

Useful Load 

The u se fu l  load weights  (not  inc lud ing  f u e l )  are shown i n  

Table C7. They are based p r imar i ly  on t h e  W i n g  737-200, 

ad jus ted  i n  c e r t a i n  a r e a s  f o r  weights  quoted i n  the "Study 

Guidelines". 

Weigh< Subs t an t i a t i on  

The weights leading t o  t h e  s e l e c t i o n  o f  t h e  conf igura t ions  

shown i n  t h i s  s tudy w e r e  der ived by us ing t h e  computerized 

VASC0M.P s i z i n g  and weight p rod i c t i on  program, Reference 

Subs t an t i a t i on  of t he se  weights using weight p r ed i c t i on  methods 

developed and improved by Boeing V - ~ r t o l  Weights Unit ,  a r e  

presented i n  t h i s  s e c t i o n  of t h e  r e p o r t .  The group weight 

f o r  each of t h e  major components is  shown (adjus ted  t o  account 
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8OElNG VERTOL COMPANY WEIGHT SUMMARY - PRELIMINARY DESIGN D210-10873-1 
,MI ~ - 5 T D . . y ? 4  

-- - 
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GROSS WE!GHT 
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c o n u  7eap1  ' I  TABLE C-8 . ~ L T  m~ SUBSTIWTU;TION. 

P- ' -  



D210-10873-1 
f o r  the  reduced weight  due to advanced compos i tes )  on t h e  

appropriate  weight  trend graph. 

The pitch and yaw radius  o f  gyra t ion  trends  are  shown i n  

Figures  C9 and C10 r e s p e c t i v e l y .  These trends  also i n d i c a t e  

t h e  va lues  for the  STOL tilt r o t o r  a i r c r a f t ,  again  w i t h  t h e  

Froper adjustment f o r  composite m a t e r i a l s .  



1985 1 0 0  PASSENGER STOL TILT ROTOR AIRCRAFT 
~210-10873-1 

LENGTH 6," FUSELAGE, L - FEET 

FIGURE C-9. RADIUS OF GYRATION TREND - PITCH. 



, NOTES: 1. Sclcct a p p r o p r i a t e  va l . uc  f o r  kZ from .- 
! 

--A 

above.  I n c l u d e  decimal o n l y  on 
, , w e i g h t  i n p u t  s h e e t .  .. 

. ,  . 2 . . .  2. Mas; monontn of i n c ! r t i a =  W (kZ) - 
I d /  

I 
Q 

FIGURE C-10. RADIUS OF GYRATION TREND - YAW. 



DESIGN POINT TILT ROTOR WEIGHT SUBSTANTIATION 

WING (REFERENCE - W I G H T  TREND CURVE, FIGURE C6) 

5 ,249  L6S 

W = (K) 0 . 5 8 5  

WHERE: 

WW = WEIGHT OF WING 

RM = RELIEF TERM 

WXW = GROSS WEIGHT LESS ITEMS AT CENTER OF L I S T  - 4 6 , 5 5 7  LBS 

GROSS WEIGHT 

ROTORS 

WING 

ENGINE SECTION 

PROPULSION 

ROTOR CONTROLS 

TILT MECHANISM 

FUEL 

TRAPPED LIQUIDS 

OIL  

TOTAL WXW 



S = PLANFORM WING AREA = 6 3 4 . 9  
W 

b = WING SPAN = 7 8 . 5  F'I' 

R = MAXIMUM FUSELAGE WIDTI1 = 1 4 . 8  FT 

h = WING TAPER RATIO = 1.0 

K, = WING ROOT THICKNESS, PERCENT CHOkD - . 2 1  

N = ULTIMATE LOAD FACTOR = 3 . 7 5  

VD = DIVE VELOCITY = 3 7 5  KNOTS 

AR = ASPECT RATIO = 9 . 0  

ADD: WING- POD ATTACHMENTS 

. 0 3 6  (POD WEIGHT) 

. 0 3 6  (11,720)  = + 4 2 2  
7 3 3 8  

REDUCE FOR COMPOSITES 



ROTORS 
~ 2 1 0 - 1 0 8 7 3 - 1  

4 , 1 1 4  LBS 

BLADES [REFERENCE - WEIGHT TREND CURVE, FIGURE C 2 )  p 

[?I = 1 . 6  OR GREATER 

WB = BLADE WEIGHT PER ROTOR 

Wg 
= DESIGN GRGSS WEIGHT = 60,OGO LBS 

LLF = LIMIT LOAD FACTOX = 3 . 5  

R = ROTOR RADIUS = 2 2 . 2  FT 

r = E ROTATION TO BL-2.E ATTACHMENT = 1 . 6 6  FT 

C = BLADE CHORD = 1 . 9 1  F l  

Kb = ROTOR TYPE FACTOR - tiINGELESS = 2 . 2  

Kd = DROOP CONSTANT - TANCZM -: 1 , 0 0 0  

t = BLADE THICKNESS AT 2 5 %  CHORD = . 2 3  FT 



D210-10873-1 

W = 4 4 ( 2 6 6 0 ) O - ~ ~ ~  = 1 , 3 9 2  LBS PER ROTOR 
B 

HOB (REFERENCE - WEIGHT TREND CURVE, FIGURE C3) - 

- 6 1  K0*358 WH - 

K = (Wb) (R) ( 1 ~ 1  ( P R )  (r) 1.82(b12.5  (Kad) ( l o ) - "  

WHERE : 

= HUB WEIGHT PER ROTOR 

= BLADE WEIGYT = 464.0 LBS EACH 

= ROTOR RADIUS = 2 2 . 2  FT 

= ROTOR RPM = 333 

= ROTOR HOFSEPOWER PER ROTOR = 1 1 , 1 4 2  X 0.55 = 6 , 1 2 8  HP 

= ROTATION TO BLADE ATTACHMENT = 1 .66  FT 

= NUMBER OF BLADES PER ROTOR = 3 

= a X m X d = 0.53  X - 5 4  X 1 .0  = .29 

= (464 .0 )  (22 .2)  (333)  * (61 2 8 )  ( 1 . 6 6 )  ( 3 ) 2 . 5  ( - 2 9 )  ( 1 0 )  -11 

= 7 9 1  

= 6 1 ( 7 9 1 )  0-358 = 665  LBS PER XOTOR 

TOTAL ROTOR WEIGHT 

BLADES = 1392  

HUB = 665  - 
2057 X 2 = 4 , 1 1 4  LBS 



0210-10873-1 

HORIZONTAL T A I L  (REFERENCE - WEIGHT TREND CURVE, FIGURE C 8 )  
618 LBS 

W = 350 ( K ) ~ * ~ ~  
HT 

WHERE : 

WHT = WEIGHT OF HORIZONTAL T A I L  

SH = TALL PLAN AREA = 171.0 F T  

VD = DIVE VELOCITY = 3 7 5  

Tm = T A I L  MOMENT ARM = 5 1 . 0  FT 

t = ROOT THICKNESS = 0.72 FT 

Wg = DESIGN GROSS WEIGHT = 68,493 LBS 

K = PITCH RADIUS OF GYXATION = 16.65 F T  (FIGURE C4) 
Y 

bH = T A I L  SPAN = 23.7 F T  

X = TAPER RATIO = , 6 2 5  

KTL = T A I L  LOAD FACTOR = 1 . 0  



ZEDUCTION FOR COMPOSITE 

HORIZONTAL TAIL WEIGHT = 618 

VERTICAL TAIL (REFERENCE WEIGHT TREND CURVE, FlGURE C7)  

528 LBS 

WvT = 360 (K) 0.54 

WHERE : 

WVT = WEIGHT OF VERTICAL TiiIL 

a = HEIGHT OF HORIZONTAL TAIL ABOVE ROOT CHORD = 39.7 FT 

bV = TAIL SPAN = 29.7 FT 

SV = TAIL AREA = 185.0 FT.' 

VD = DIVE VELOCITY = 375 ;;NOTS 

Tm = TAIL NOMENT ARM = 12.05 FT 

t = ROOT THICKNESS = 1.5'79 FT 

Wg 
= DESIGN GROSS WEIGHT := 68,493 LBS 

KZ = YAW RADIUS OF GYRATION = 22.0 FT (FIGURE C10) 

X = TAPER RATIO = 0.543 



: " C u  a,,. - 

REDUCTION FOR COMPOSITE 

. 3 3 2  X 7 5 7  = - 2 2 9  

VERTICAL TAIL WEIGHT = 5 2 8  

BODY (REFERENCE - WEIGHT TECND CURVE, FIGURE C 4 \  

8 , 4 9 7  LBS 

0.2 (ap + 1) 

WHERE : 

WB = WEIGHT OF BODY 

WXB = WEIGHT OF FUSELAGE A I D  CONTENTS = 4 6 , 5 5 7  LBS 

GROSS WEIGHT = 6 8 , 4 9 3  LBS 

LESS 



ROTORS 

WING 

CNGINE SECTION 

PR3PULS ION 

ROTOR CONTROLS 

TILT MECHANISM 

FUEL - 3 , 4 2 5  

TRAPPED LIQUIDS -11 5 

OIL - 1 3 2  

TOTAL WEIGf iT - - 4 6 , 5 5 7  LES 

Sf = WETTED AREA = 3 , 4 6 4  FT 2 

B = BODY WIDTH = 1 4 . 8  FT 

Lf = LENGTH OF FUSELAGE = 9 2 . 5  FT 

LRW = LENGTH OF RAMP WELL = 0 FT 

VD = DIVE VELOCITY = 375 KNOTS 

A p  = LIMIT DIFFERENTIAL CABIN PhESSURE = 

N = ULTIMATE LOAD FACTOR = 3.75 

3 . 1 3  P S I  



REDUCE FOR COMPOSITE 

, 3 0 2  X 1 1 , 6 0 0  = -3 ,503  

8 , 0 9 7  

ADD AIR STAIRS ( 1 )  

LANDING GEAR (4% DESIGN GROSS WEIGHT) 

0.04 ( 6 8 , 4 9 3 )  = 2,740 

ENGINE SECTION (52% ENGINE hZIGHT) 

REDUCE FOR COMPOSITE 

.302 (913)  - - -276 

ENGINE SECTION WEIG3T - - 637 LBS 

ENGINES 

ENGINE INSTALLATION (31% ENGINE WEIGHT) 

(0 .31)  (1755)  - - 544 

FUEL SYSTEM (4 .9% FUEL) 

(0 .049)  (3425)  - - 1 6  8 

2 ,740 LBS 

637  LBS 

1 , 7 5 5  LRS 

544 LBS 

168 LBS 

DRIVE SYSTEM (REFERENCE - W1:IGHT TREND 'URVE, FIGURE C5) 

4 , 2 0 1  LBS 

0.67  
W,, = 250 (K) 



WHERE: 

WDS = WEIGHT OF DRIVE SYSTEM 

HP = TOTAL HORSEPOWER = 1 1 , 1 4 2  

RPM = ROTOR DESIGN RPM = 333  

Z = NUMBER OF STAGES I N  MAIN LRIVE = 4 

KT = CONFIGURATION FACTOR = 1 . 3  

FLIGHT CONTROLS (FLY-BY-WIRE) 

C o c k p i t  
0.41 

k c  = 26 (3) 
WHERE : 

w~~ = WEIGHT OF COCKPIT CONTROLS 

Wg = DESIGN GROSS WEIGHT = 6 8 , 4 9 3  LBS 

REDUCL FOR FLY-BY-WIRE 

TOTAL COCKPIT CONTROLS = 1 0 4  

R o t o r  C o n t r o l s  

"RC = 0. 3(! (wR) 

3,431 LBS 



WHERE : 

'RC = WEIGHT OF ROTOR CONTROLS 

WR = WEIGHT OF ROTOR = 4 , 1 1 4  

System Controls 

WHERE : 

W s ~  = WELGHT OF SYSTEM CONTROLS 

WR = WEIGHT OF ROTOR = 4 , 1 1 4  LBS 

REDUCE FOR FLY-BY-WIRE 

0 . 2 0  X 9 3 1  = - 1 8 6  - 
TOTAL SYSTEM CONTROLS = 745  

A i r p l a n e  C o n t r o l s  

tiAc = 0 . 0 1 1  (wg) 

WHERE : 

WAC = WEIGHT OF AIRPLANE CONTROL SYSTEM 

% = DESIGN GROSS WEIGHT = 6 8 , 4 9 3  LBS 

REDUCE FOR FLY-BY-W1P.E 

0 . 2  ( 7 5 3 )  = - 1 5 1  - 
TOTAL A1 =LANE CONTROLS = 602  

(239 



SAS - ESTIMATED WEIGHT = 150 LBS - 

T i l t  Mechanism 

WHERE : 

w~~ = WEIGHT OF POD TILTING MECHANISM 

ws = DESIGN GROSS WEIGHT = 6 8 , 9 4 3  LBS 

REDUCE FOR FLY-BY-WIRE 

TOTAL TILT MECHAMISM 5 9 6  

SUMMARY OF FLIGIIT CONTROLS WEIGHT ------ 

COCKPIT -. - 104 

ROTOR - - 1 , 2 3 4  

SYSTEM - -. 7 4 5  

TILT MECHANISM - - 596 
-. --- 

TOTAL 3 , 4 3 1  

FIXED EQUIPMENT (REFERENCE TABLE C 2 )  
-- - 




